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February 5, 1982

Dear Colleague,

Enclosed are the Proceedings of the "International Conference
on Wheel/Rail Load and Displacement Measurement Technigues" which
was held at the Transportation Systems Center in January 1981.

The objective of the Conference was to review the state-of-the-art
and provide a forum for information exchange in the field of
wheel/rail loading and movement of track due to vehicle and track
interaction under diverse loading conditions. Your participation
in the Conference helped us to attain this goal and led to a
valuable interchange of technical information. I trust you will
find these Proceedings useful in your work.

I also hope we can continue these forums for technical
interchange. I am proposing another symposium on some areas in
railroad technology to be held in the near future, perhaps in
late '83. I would welcome any suggestions as to the sponsors
and organizers for this next meeting.

Sincerely,

" oy

Pin Tong, ief
Structuresiand Mechanics Branch
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INTRODUCTION

Pin Tong
R. Greif

Transportation Systems Center

The International Conference on Wheel/Rail Load and Displacement
Measurement Techniques was held at the Transportation Systems Center (TSC) on
January 19-20, 1981, The Conference was sponsored by the U.S. Department of
Transportation (DOT) and Transport Canada. The U.S. DOT agencies involved in
the sponsorship include the Urban Mass Transportation Administration (UMTA),
the Federal Railroad Administration (FRA), and the Research and Special
Prégrams Administration (RSPA). The objective of the Conference was to review
the state-of-the-art and provide a forum for information exchange in the field
of wheel/rail loading and movement of track due to vehicle/track interactions

under diverse loading conditions.

The Conference was attended by over 125 railroad and transit industry,
’Government and research experts from around the world. The Conference con-
sisted of four sessions and 19 technical papers were presented by invited
speakers. Session 1 was devoted exclusively to instrumented wheelsets for
load measurement, Session 2 included technical papers on wayside measurements,
Session 3 examined track displacement and geometry measurement techniques,
while Session U4 was a Panel Discussion examining problems and future needs.

The format of the Panel enabled experts from various countries including the



United States, Canada, England, West Germany, Poland, Sweden, Austria and the
People's Republic of China to discuss the common theme of wheel/rail load and

displacement measurement in a more informal setting.

The technical sessions of the Conference were chaired by N.T. Tsai (FRA),
P. Spencer (UMTA), D.W, Dibble (Transport Canada) and S.C. Chu (R3SPA). The
organizing committee which helped ensure the success of the meeting included

W.I. Thompson (TSC) and L. Foster (Raytheon Service Co.).

These bound Proceedings include a complete reco;d of the panel discussion,
the technical papers and the accompanying question and answer discussion
period after each papef. The Conference also incuded an hour long film from
the People's Republic of China on "The Construction of the Chengtu-Kunming
Railway," as well as a reception and dinner at the MIT Faculty Club., The
featured speaker at the dinner was Prof. L;M.lsweet of Princeton University

who discussed the "Overview of Railroad Technology and Research in Japan."

As discussed by Dr. Ravera in his welcoming remarks, the Transportation
Systems Center is involved in research and development activities in all
fields of transportation. Since its inception in 1970, TSC has been exten-
sively involved with problems related to wheel/rail interaction and has
cooperated with the co-sponsors of this Conference -- UMTA, FRA and RSPA -- on
many engineering problems. The measurement of wheel/rail characteristics
generates information for improvement of design tools such as model valida-
~tion, establishment of load spectra and vehicle/track system interaction.
Existing and new designs are assessed from evaluation of vehicle/trackldegra—

dation and performance measures associated with dynamic behavior, fuel economy



and safety parameters. The diagnosis and verification of hypotheses dealing
with track and carbody hunting, rock and roll, wheel climb, wear, and rail
strength has been instrumental in the introduction of new types of trucks,
such as radial or self-steering trucks, into prototype and day-to-day design

and operation,

Personnel of the Transportation Systems Center have been involved in many
Government/industry cooperative research and development efforts for the meas-
urement of wheel/rail interactions including on-board measurements and wayside
measurements. These include test programs performed at the Transportation
Test Center (TTC) in Pueblo, Colorado, and at various field test sites on
operating railroads and transit properties. Among these test programs were
the Perturbed Track Tests (PTT) which investigated the dynamic response of
vehicles due to track perturbations, the Tests on Chessie System Track which
compared the performance of SDP-40F and E-8 locomotives, and the Vehicle/Track
Interaction Tests at Starr, Ohio, which investigated limiting conditions for
. low speed operation of vehicles. Tests on transit properties include the
Washington Metropolitan Area Transit Authority (WMATA) for the assessment of
wheel/rail load and wear charécteristics.( Tests on the Port Authority Transit
Corporation (PATCO) were done to assess the éfféct of steerable trucks on

curving performance, lateral stability and ride quality.

Some of these test programs have led to improvements in instrumentation
design. For example, in the Chessie System Tests mentioned previously, it was
found that the ORE wayside gage circuit that was in common use at the time
recorded lateral forces that were substantially different than the lateral

forces predicted from the on-board measurement of the instrumented wheelset.



Upon an investigation by TSC, it was discovered that the formulation of the
circuit, which assumed that the cross-section of the rail behaved like a long
cantilever beam, was in error. The non-beamlike behavior leads to a substan-
tial "cross-talk" arising from the response of the circuit to vertical load.

A combined T3C/Battelle team was formed to measure the strains throughout the
circumference of a rail cross-section under lateral and vertical loads in the
laboratory. Based on a review of laboratory data of strain distribution for
the loaded rail, Chessie System Test data, and additional data generated under
TSC's rail stress analysis projects, a number of alternative circuits were
identified for accurately measuring lateral rail loading. Against the cri-
teria of sensitivity to.load, insensitivity to support conditions, linearity
and.cross—talk, a base chevrpn circuit was selected as the best overall trans-
ducer array. The newly developed base chevron circuit has a number of advan-
tages over the old ORE.web circuit for measuring lateral ioads. the most sig-
nificant being the order of magnitude reductions in cross-talk which it

permits. The additional advantages of this new circuit include:

(a) The gages are mounted on the top surface of the rail base, which
allows easy installation in the field.

(b) Both lateral gage chevrons may be mounted over the same crib as the
measurement circuit for vertical loads. This will enable the simul-
taneous measurement of the vertical and lateral loads with no phase
shift.

This is just one example of the involvement of TSC in the development of
measurement techniques for wheel/rail interaction phenomena and in the broad
application of these measured values. Through its research and development

activities, TSC is looking forward to a continuing contribution to the safe

and economic operation of railroad and transit systems.



Advancements in the field of wheel/rail load and displacement measurement
techniques have been contributed by organizations from all over the world.
This Conference has provided a look at international developments in the cur-
rent state-of-the-art in this field. From the papers presented at this
Conference, it is evident that instrumented wheelsets for load measurements
have reached an advanced stage of sophistication. There are several versions
of design in use today. The accuracy and frequency response of the commonly
used wheelsets are adequate for most vehicle/track systems dynamics studies,
and also for the assessment and diagnosis of the performance of existing or
new equipment. However, an instrumented wheelset is generally delicate and
complicated, requiring sophisticated electronics and associated data recording
systems, as well as highly trained personnel for its operation. Consequently,
future developments of instrumented wheelsets should emphasize simplification
of instrumentation and reduction of costs for operation of the system. 1In the
area of wayside load measurement, the TSC/Battelle lateral circuit and the ORE
vertical circuit have received wide acceptance. Direct comparison of on-board
and wayside measured loads has provided added confidence in the accuracy of
both measurements. The direct wayside measurements of rail motion seem to be
well under control. However, there has been little development of the measure-
ment of wheel motion relative to a rail. These are important parameters for

the assessment of wheel/rail wear and wheel climb leading to derailment.

We expect great and rapid advancements in the measurement of wheel/rail
interaction, As we progress into the future with advanced instrumentation and
electronics, criteria for assessment need to be developed. Considerations in

the criteria should include cost; accuracy, simplicity of use and maintenance,



simplicity in trouble-shooting and finding errors, and longevity of the trans-
ducer. Hopefully, this Conference with its attendant discussion and inter-

change of information among various international groups will hasten develop-

ments in this direction.



WELCOME

Robert J. Ravera, Deputy Director
Transportation Systems Center

Good morning, ladies and gentlemen. On behalf of Dr. Costantino and the
entire TSC staff, I'd like to welcome you to the Transportation Systems Center
and to this International Conference on Wheel/Rail Load and Displacement
Measurement Techniques.

I would particularly like to welcome our foreign visitors, some of whom
have traveled such great distances. I understand that we have participants
from research organizations and from the railroad and transit industries in
England, Germany, Poland, Sweden and China, as well as from the United States
and Canada.

This two day meeting is co-sponsored by the U.S. Department of Transpor-
tation and Transport Canada. In DOT, there are three agencies involved in
the sponsorship of this conference: the Office of Research and Development
of the Federal Railroad Administration, the Office of University Research of
the Research and Special Programs Administration, and the Office of Rail and
Construction Technology of the Urban Mass Transportation Administration.

The Transportation Development Center is the sponsoring agency within
Transport Canada.

It might be helpful at the beginning of this workship to give you a
very brief overview of our role here in Cambridge, -especially as it pertains
to rail research and development. The Transportation Systems Center is DOT's
research, analysis, and development facility for its major programs in air,
rail, motor vehicle, pipeline, and marine transportation. With an annual
budget of some 70 million dollars and a staff of approximately 1 thousand
federal employees and onsite support serivce contractors, we carry out major
research, analysis and development programs for the Office of the Secretary
of Transportation and for all the administrations within DOT. To a lesser
degree, we also perform research for other government agencies, such as the
Department of Energy, Environmental Protection Agency, etc., when such
research complements ongoing work for the Department of Transportation. We
also provide state and local governments and private industry with engineer-
ing, economic and planning information for all types of transportation pro-
grams through our Technology Sharing Office. We currently have about 200
research projects underway.

Since its opening in 1970, TSC has supported programs of all elements
of the Federal Rail Administration. This support has been funded at over
60 million dollars during these ten years. It has ranged in scope from
participation in the solution of short-term technical problems to the long-
term technical management of major rail R and D programs. TSC railroad
related projects cover both the engineering aspects of railroad operation as
well the economic and institutional analyses supporting federal policy
initiatives.



Projects span the spectrum from improved track safety standards and
track inspection vehicles to safety improvements, options analyses, and the
impact of all federal transportation policies on the railroads. We are
presently engaged in several programs related to the subject of wheel/rail
loads such as a stability assessment facility for equipment (the SAFE faci-
lities) for Federal Railroad Administration.

Much-of the R and D support we provide for the Urban Mass Transportation
Administration is also related to problems associated with wheel/rail
interaction. This includes urban rail noise studies, derailments of the
light rail vehicles in Boston, and studies of wheel/rail wear, particularly
problems arising from recent truck designs. Speaking of truck designs,
projects involving radial or self-steering trucks have been underway for
sometime for both UMTA and FRA. These development programs have also
prompted the requirement for a better understanding of wheel/rail load and
displacement measurement techniques. In the next two days, we will have an
opportunity to exchange information on this subject.

TSC over the years has also supported, in a very major way, studies and
analyses on all forms of urban transportation projects for UMTA, including
bus technology, bus demonstration programs, fare collection, and service and
methods. Our relationship with UMTA has been a very long and, I think, a
mutually profitable ome.

At this point, I think it is appropriate for me to conclude my remarks
and wish you a stimulating, enjoyable and successful conference. Thank you.
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MEASUREMENT TECHNIQUES FOR ONBOARD
WHEEL/RAIL LOADS

Patrick Boyd
Kevin Kesler
Ta-Lun Yang

ENSCO, INC.

5408A Port Royal Rd.
Springfield, VA 22151

1. Introduction

For the determination of rail vehicle wheel forces both direct force measure-
ment and inertial force measurement techniques should be considered. Direct
force measurement techniques include instrumented wheelsets and journal

load cells. Inertial force measurement is performed by measuring the accel-
erations of the major vehicle components (i.e., wheelsets, trucks and car-
body) and multiplying by the effective mass of each. Depending upon the
goals of a particular test program any of the approaches may be best applied.
For example, if steady response is of interest only direct force measurement
can be applied. (Creep force measurement and dynamic wheel forces require
instrumented wheelsets. Dynamic truck and axle forces can be measured with
instrumented wheelsets or a combination of journal load cells and accelerome-
ters. Table 1.1, "Applications of Force Measurement Techniques', summarizes
which techniques may be applied to each measurement task. In many cases
instrumented wheelsets can be supplemented or replaced by another technique

for a more thorough or cost effective measurement.

Even though instrumented wheelsets provide the most accurate measurement of
wheel/rail forces they are somewhat limited in analyzing vehicle response.
Inertial force measurement can be used to provide valuable insight into the

modes and mechanisms which generated the measured wheel/rail forces.
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2. Jourmnal Load Cell

2.1 Design Considerations

Many railroad trucks, especially locomotive trucks, are designed to transmit
lateral forces between the truck frame and the axles through thrust bearings
installed at the ends of the axles. With this type of design, the load path
for a lateral force goes from a wheel flange through the axle to the thrust
bearing on the opposite end of the axle and continues through the bearing
housing and to the truck frame. For instance, the steady-state curving force
in a left-hand curve is applied to the flange on the right wheel, the force
is transmitted through the wheel plate, the axle and to the thrust bearing at
the left end of the axle. The force is then transmitted from the thrust
bearing through the bearing cap, the bearing housing and to the truck frame
which in ﬁurn passes the force thrugh the bolster, centerplate and eventually

to the carbody.

Since the thrust bearing is a focalized point in the lateral load path,
specially designed load cells have been used to fit in the space normally
occupied by the thrust bearings for measuring the lateral force transmitted
through that point. 1In testing of locomotive dynamics, EMD has used this

technique on many types of trucks employing non-rotating bearing end-caps.

The advantages of this measuring technique are that the measurement is made
in the line of the load path, it introduces a minimal modification to the
mechanical characteristics of the truck, the end-cap/thrust bearing load cell
can be pre-assembled and installed in any vehicle quickly and the output is a
direct continuous measurement of the lateral force which requires no special

processing.

This measurement approach is limited to the type of trucks which use the
thrust bearing design or can be modified to accept such a bearing. Further-
more, there are certain disadvantages. Since the thrust bearing and the
wheel-rail contact points are separated by the wheel and axle set, the in-
ertial forces due to lateral movements of the wheel and axle mass, including

the traction motor and gear box, are not measured by the thrust bearing load
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cell even though they contribute to the lateral forces at the wheel-rail
contact points. Because of the built-in freeplay betwen the wheelset and the
truck frame, at most one of the two thrust bearings will be carrying a lateral
load at any time. The force as measured by the load cell in action is repre-
sentative of the total lateral force applied to the axle from the truck frame
and should be equal and opposite to the sum of the lateral forces applied
through the wheel-rail contact points on both wheels (except for the inerial
forces due to lateral acceleratio&s of the axle mass as discussed above). It
is therefore not possible to resolve the lateral force at each wheel-rail
contact point. In Figure 2-1, the lateral forces acting on a single axle are
shown for an instant when the axle is experiencing a lateral acceleration x.
Assuming that the wheel axle set and the components that are fastened to the
axle are moving together at the same acceleration, then the inertial force
can be represented by Mx, with M being the total mass in the wheel-axle
assembly. The dynamic force equilibrium in the lateral direction implies
that:

Hy, = Fgrg + Fre + FLc + MX + MgSin6
in which Hy, is the force measured by the thrust bearing load cell on the left
end of the axle, Fgp is the flange contact force on the right yheel, Frc and
Fic are the creep forces on the right and left wheel tread, MX is the inertial
force due to lateral dynamics and MgSin® is the gravitational force component
due to track crosslevel 6. It should be noted that the inertial acceleration
X may contain a component caused by steady-state curving and a component by
pure lateral translation. The steady-state translational component will be

oscillatory in nature and of a relatively high frequency.

The equation given above and Figure 2-1 can also be used to illustrate the
difference betwen the load cell technqiue and the instrumented wheel tech-
hiques. Instrumented wheels, with the strain gages located in the wheel-
plates or spokes, will measure the forces (Fgp + Fge) and Fpg directly. the
only porfion of the force not measured by instrumented wheels are the con-

tributions to the inertial forces from the mass in the wheel rims.
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3. Imertial Measurement Technique

A major contributor to the lateral wheel-rail force is the dynamic motions
of a vehicle perpendicular to the direction of travel. These motions pro-
duce forces which are directly relatable to the mass components and their
inertial accelerations in the lateral direction. Researchers have installed
accelerometers on vehicle mass components in an attempt to estimate the
wheel-rail forces from acceleration measurements. These attempts were
often unsuccessful due to several aifficul;ies: the choice of a suitable
transducer and the proper mounting bracket due to the high frequency and
high levels of shock and vibrations in the truck, the assignment of an
"effective mass" to each measured acceleration due to the presence of
simultaneous linear and rotational motions, and the lack of a reliable

independent force measuring technique to verify the results.

In order to successfully collect the acceleration data on each mass element
in the vehicle and truck which contributes to lateral inertial force, an
appropriate transducer must be used on each of the mass components to ac-
commodate the different vibration environments and the different character-
istics of the acceleration signal being measured. Crystal or strain-gage
type accelerometers are sufficiently rugged to survive the high shock levels
in the truck en§ironment, unfortunately they either do not have the neces-
sary low frequency response or the resolution needed in the frequency range
of interest. During the Perturbed Track Test (PTT) of locomotives conducted
in 1978 at the Transportation Test Center in Pueblo, Colorado, foam isola-
tion mounting was used to mount capacitive accelerometers on truck compon-
ents. Data collected by this technique were proven successful in calcu-
lating total lateral truck force. The estimated total truck forces were
verified by instrumented wheelsets performing the measurements simultan-

eously.

The mechanical configuration of the carbody and the HTC-Truck used in the
PTT locomotive test is shown schematically in.Figure 3-1. The carbody and
one of the two trucks were fully instrumented with accelerometers. Lateral
acceleration measurements weré made at two locatioms in the carbody, charac-

terizing its yaw and lateral translation; two locations in the truck frame,
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characterizing its yaw and lateral translation; and one location om each of
the three axle/traction motor assemblies characterizing its lateral trans-
lation. The accelerometer locations are shown in Figure 3-2. The perturba-
tions used in the PTT excited the locomotive into yaw motions about its
geometric center. The equation for calculating total lateral truck force

from accelerations cau be simplified to:

WMX +I6.+T.+T
c 3

.- . . . 9 1 2
F . = =
e1 "My K P AR F MK 23
in which
Ftl = the total lateral force exerted by truck No. 1 on the track.
il-——b-XB = Axle lateral accelerations
i7 = Truck No. 1 lateral acceleration.
ig = Carbody lateral acceleration.
é3 = Carbody yaw angular acceleration
T2 & T2 = Truck centerplate friction moment
M.a = Axle/traction motor mass

MT = Truck frame mass

M = Carbody mass

c
Ic = Carbody yaw inertia
22 = Truck center distance
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If we assume that the torques due to centerplate friction (T; and Tjp) are
negligible, then the total lateral truck force can be calculated from the
measured accelerations. Agreement between the truck force measured by in-
strumented wheelsets and that by this inertial technique is shown as the
two lower traces in Figure 3-3. The upper three traces in Figure 3-3 show
the contributions to the total truck force from the mass components. The

agreements were also excellent at other test speeds.

Advantages of this technique are that it requires no modifications to the
vehicle and truck components; the trénsducers are standard off-the-shelf
components and are relatively easy to install in any vehicle; and, a break-
down of the inertial force components is available in the calculation pro-
cess which provides insight to the make-up of the total force ‘and the phase
relationships among the force components. For instance, in the example
presented above, the carbody dynamics clearly is the dominating contributor

to the high levels of lateral truck forces observed.

Disadvantages of the technique are: mass and inertia properties of vehicle
and truck are not always well known; freeplays in a truck and axle assembly
may not allow the characterization of the mass movements by only a few de-
grees of freedom; and, some truck components may not permit easy mounting
of transducers. In addition to these disadvantages, there are basic limi-
tations on using this technique for estimating wheel forces. First of all,
the inertial technique can at most provide total axle force measurement; it
will not resolve the forces on the left and the right wheels. 1In a three
axle truck, the number of variables makes it insufficient to resolve indi-
vidual axle forces. In a two axle truck, it is possible to resolve indi-
vidual forces on each axle. However, longitudinal creep forces as well as

centerplate friction will introduce uncertainties in the final estimates.

4. Instrumented Wheelset Techniques

In the evaluation of rail vehicle dynamig performance the instrumented
wheelset is unsurpassed in the measurement of wheel/rail forces. The in-

strumented wheelset can provide accurate continuous measurements of lateral



and vertical wheel/rail forces. They can measure frequencies up to 100 Hz
or more, limited only by the fundamental resonant frequencies of the wheel-
set. Because the measurement is made in close proximity to the rail con-
tact point (i.e., the wheelplate), the error introduced by inertial forces

beyond the measurement point is negligible.

A number of techniques have been developed over the past decade or more.
The more recent: techniques all provide for a continuous measurement of both
lateral and vertical forces. These wheelsets have been made using standard
AAR wheels (i.e., Federal Railroad Administration/ENSCO, Inc., ElectroMotive
Division of Genmeral Motors), "S" shaped wheelplates (i.e., ASEA/Swedish
State Railways) and spoked wheels (i.e., British Rail, Japanese National
Railways). Non-standard wheels, while increasing cost, can be effective in

reducing overall errors (i.e., cross talk and load point sensitivity).

4.1 Design Considerations

In the design of any instrumented wheelset the following basic performance

parameters must be considered:

) Sensitivity/Linearity - The sensitivity of output to applied load
must be high enough to provide an adequate signal to noise ratio,
the response should preferably be linear with respect to the ap-
plied load.

) Primary Crosstalk ~ Cross axis semsitivity of the lateral output
to vertical loads and the vertical output to lateral loads must
be minimized.

) Load Point Sensitivity - Changes in output null, sensitivity and
crosstalk with the lateral location of the applied load on the
wheel tread must be minimized. - .

) Ripple - Change in output as a function of angular position (wheel
rotation) must be minimized.

) Centrifugal Effects - Sensitivity to the angular velocity of the
wheelset must be compensated for or eliminated.

. Thermal Effects - Thermal gradients and temperature changes may
result in a zero shift or a false signal: these effects must be
compensated for or minimized.
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° Longitudinal Loading Effects - Cross-axis sensitivity of the lateral
and vertical outputs to longitudinal (braking or tractive) forces
must be minimized.

The evaluation of any wheelset for application to a particular task should

consider the above characteristics.

Design Concepts

The characteristics of a particular instrumented wheelset are determined by
its loaded strain field and the placement of strain gage bridges within
that field. The design of a bridge pattern for producing lateral force
signals and that for vertical force éignals are distinctly different. A
vertical force creates a relatively local strain field within the wheel-
plate in an area between the hub and the wheel/rail contact point. A
lateral force creates a more distributed strain field affecting a much

larger portion of the wheelplate.

To understand the mechanism for the development of the lateral and vertical
strain fields for a typical AAR wheel crossection, it is best to consider
the reactions produced at the wheel hub rather than the rail contact point.
A lateral load at the wheel/rail contact point produces a shear load along
the direction of the axle and a significant bending moment at the hub.

(See Figure 4-1). A vertical load applied at the rim produces primarily a
vertical shear load at the hub and a relatively small hub moment. (See
Figure 4-2). The vertical load creates local compressive stresses in the
wheelplate between the contact point and the hub combined with a distri-

buted stress field due to the small hub moment.

An effective vertical bridge must bé sensitive to the local vertical effects
and in the meantime must cancel the distributed strain fields due to any
laterally induced hub moment and axial force: Conversely, a lateral bridge
must sense either the axial hub force or hub moment due to lateral loads

and be insensitive to the "local" strains due to vertical loads.

Effective lateral and vertical force measuring bridges have been applied to
standard wheel crossections as described in Section 5, '"Current FRA Instru-

mented Wheelset Approach". This wheel design is sensitive to the lateral
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hub moment in measuring lateral force. The "special" wheel section and
spoked wheel techniques are generally designed to sense the axial force due

to lateral loading.

The advantage in sensing the hub moment is that the system can take advan-
tage of the sinusoidal characteristic of the bridge output to eliminate
thermal and centrifugal effects (which are dc biases) by high-pass filtering.
Careful calibration is required to minimize the crosstalk due to vertical

loading.

By sensing the lateral axial force the "special' wheel techniques can mini-
mize sensitivity to vertical crosstalk. But because of their dc bridge
output they require centrifugal and thermal calibration to assure elimina-

tion of these effects.

5. Current FRA Instrumented Wheelset Approach

The FRA instrumented wheelsets typify many facets of the state-of-the-art
and may be used to illustrate specific design considerations in using wheels
as force transducers. The basic objective of the design of force measuring
wheels is to obtain adequate primary sensitivity for low signal/noise ratio
and high resolution while controlling crosstalk, load point sensitivity,
ripple, and the effects of heat, centrifugal force and longitudinal forces.
The design philosophy was to choose strain gage bridge configurations which
inherently minimized as many extraneous influences as possible and which
were responsive to the general strain patterns expected in any rail wheel
subjected to vertical and lateral forces. Such bridge configurations could
be adapted to the standard production wheels of the desired test vehicles,
eliminating problems of supply, mechanical compatibility, and possible
alterations of vehicle behavior due to special wheels. The radial locations
of the strain gages were optimized for each wheel size and shape while

their angular locations were fixed by the chosen bridge configurations.
Locomotive, passenger coach and freight car wheels having a large variation
in tread diameter and wheelplate shape have been instrumented successfully

using the same general procedures.



5.1 Description of Strain Gage Bridges

The vertical force measuring bridges follow a concept used by ASEA/sJL.
Each bridge consists of eight strain gages arranged in a wheatstone bridge
having 2 gages per leg. Each leg of the bridge has one strain gage on the
field side and one strain gage on the gage side of the wheel. The four
legs are evenly spaced 90° apart on the wheel as shown in Figure 5.1. The
general strain distribution in a typical rail wheelplate due to a purely
"vertical load is characterized by maximum strains which are compressive and
highlyAlocalized in the wheelplate above the point of rail contact. As the
pair of gages in each leg of the bridge consecutively passes over the rail
contact point, two negative and two positive peak bridge outputs occur per
revolution. By correctly choosing the radial position of the gages, the
bridge output as a function of rotational position of the wheel can be made
to resemble a triangular waveform having two cycles per revolution. The
purpose of having gages on both sides of the wheelplate in each leg is to
cancel the effect of changes in the bending moments in the wheelplate due

to lateral force and the change of axial tread/rail contact point.

When two triangular waveforms equal in amplitude and out of phase by one
fourth the wavelength, are rectified and added, the sum is a constant equal
to the peak amplitude of the individual waveforms. In order to generate a
strain signal proportional to vertical force and independent of wheel ro-
tational position, the outputs of two identical vertical bridges out of
phase by 45° of wheel arc are rectified and summed as shown in Figure 5.2.
Since the bridge outputs do not have the sharp peaks of true triangular
waveforms, the sum of one bridge peak and one bridge null is lower than
that of two concurrent intermediate bridge outputs. In order to reduce the
ripple or variation in force channel output with wheel rotation, the bridge
sum is scaled down between the dips coinciding with the rounded bridge
peaks. By taking as the force channel output the greatest of either in-
dividual bridge output or the scaled down sum of both bridges, the scaling
down is applied selectively to the part of the force channel output between

the dips as shown in Figure 5.2.
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The general strain distribution of a typical rail wheelplate due to a pure-
ly lateral flange force is characterized by two componeﬁts as shown in
Figure 4.1. One component is a function of radius only because the wheel-
plate acts as a symmetric diaphram in opposing the lateral force at the
axle. The second component results from the moment about the hub caused by
the flange force and it tends to vary at a given radius with the cosine of
the angular distance from the wheel/rail contact point. The strain distri-
butions on the gage and field sides of the wheelplate are similar in mag-

nitude but opposite in sign (compression or tension).

Lateral force measuring bridges which follow a concept advanced by EMD2
take advantage of the general strain distribution in a standard rail wheel-
plate. As shown in Figure 5.3, each bridge is composed of eight gages
evenly spaced around the field side of the wheelplate at the same radius.
The first four adjacent gages are placed in legs of the bridge that cause a
positive bridge output for tensile strain and the next four gages are placed
in legs causing a negative bridge output for tensile strain. The resulting
bridge cancels out the strain due to the axial load because all eight gages
are at the same radius with four causing positive and four causing negative
bridge outputs. However the bridge is very sensitive to the sinusoidal
strain component associated with the hub moment due to the flange force
because the tensile strains and the compressive strains above and below the
axle are fully additive in bridge output twice each revolution (once as a
positive peak and once as a negative peak). Radial gage locations may be
chosen such that the bridge output varies sinusoidally with one cycle per
wheel revolution. Two identical bridges 90° out of phase are used to ob-

tain a force channel output independent of wheel rotational position as a

consequence of the geometric identity: v(Lsin®)?2+(Lsin{6+90°})%= |L| for any 6.
5.2 Primary Sensitivity and Crosstalk

The first step in the production of instrumented wheels is the machiring of
all wheels in a production group to an identical concour. The concour is
dictated by the minimum allowable wheelplate thickness and by the pro-
duction variation of the available sample of wheels. The machining con-

tour is usually close to the original design shape but at the minimum
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thickness. The thinning of the wheelplate is the easiest step in maxi-
mizing sensitivity because it does not involve compromise with the other

measurement properties of the wheel.

The most powerful tool in selecting the radial locations of the strain
gages for the best compromise between primary sensitivity, crosstalk, rip-
ple, and sensitivity to axial load point variation is a detailed empirical
survey of the strains induced in the given wheelplate by the expected ser-
vice loads. The use of wheels machined to an identical profile makes the
empirical approach to wheelset instrumentation practical because the results
of the strain survey may be applied to all wheels in the group. The cali-
bration loads and the reference lateral position of the wheel on the rail

should reflect the type of experiment in which the wheels will be used.

For e#ample, wheels destined to measure high speed curving forces should be
loaded to about 1 1/2 times the nominal vertical wheel load (to simulate
load transfer) with the rail adjacent to the flange to determine the pri-
mary vertical sensitivity. Primary lateral sensitivity should be determined
from a high lateral load (corresponding to expected L/V ratios) applied
with a device which bears against the gage sides of two wheels on an axle
at the tread radius and spreads tﬁem apart. Loads applied in this manner
create strains of equal magnitude and opposite sign.to those produced by
the hub moment effect of a flange load but they eliminate the extraneous
effect of the vertical load hub moment (treated as crosstalk) from the
determination of primary lateral sensitivity. A combined vertical and
lateral loading at the expected service L/V ratio level accomplished by
forcing the wheelset laterally against a rail while maintaining a vertical
load is necessary to select strain gage locations for minimal crosstalk.
Vertical loadings at several points across the tread should be taken to
evaluate the sensitivity to axial load point.

/
In the strain survey conducted on the FRA wheels strain gages were applied
at intervals of one inch or less on both field and gages sides of the wheel-
plate along two radial lines separated by 180° of wheel arc. The calibra-

tion loads were repeated at every 15° of wheel arc until the strain along
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twenty-four equally spaced radial lines on both gage and field side was
mapped for each load. This data was used in a computer program to predict
the output of a force channel as a function of the radial locations of the

gages in the companion bridges.

The vertical force measuring bridges of the FRA wheels have strain gages on
both sides of the wheelplate. The simulation program allows the rapid

trail of many combinations of gage and field side radii-as potential strain
gage locations. The maximum sensitivity possible for a purely vertical

load on a given wheel of a bridge actually producing the triangular wave-
form is rapidly revealed. The "triangularity" of the waveform of a candi-
date bridge can be tested by adding its output at each angular load position
to that at a load position advanced by 45° of wheel arc. This test deter-
mines the ripple expected of a force channel composed of two out of phase

candidate bridges.

A lateral force effects the vertical bridge both by directly changing the
strain pattern in the wheelplate and by moving the point of vertical load
contact with the rail toward the flange. By using as a measure of cross-
talk the difference in bridge output caused by adding a lateral load to an
existing vertical load, correction factors may be chosen which compensate
for net lateral force crosstalk which includes direct lateral force cross-
talk and the effect of vertical load point movement. It is desirable to
identify vertical bridges in which the direct lateral force crosstalk and
the effect of load point change are opposed and yield a minimum net cross-—
talk for flange forces in service. The accuracy of the highly loaded
flanged wheel is enhanced using a correction factor in processing based on
the net lateral force crosstalk. Compromises in bridge selection are usual-
ly biased in favor of the flanged wheel because it generates the most vital

data for vehicle dynamics or rail wear studies.

The primary sensitivities and crosstalk factors achieved for several types
of wheels are shown in Figure 5.4. The vertical bridges were chosen from a
detailed simulation with radial position increments of 0.1 inch-on a basis

of maximum primary sensitivity while holding the simulated crosstalk and
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ripple below 57 and minimizing sensitivity to axial load point. The pri-
mary sensitivity was observed to be linear within about 1% because the
strains at each gage are low and the wheelplate behaves elastically. Pri-
mary vertical force sensitivity appears to be inversely proportional to

tread diameter and wheelplate thickness across several wheelplate shapes.

The lateral force measuring bridges of the FRA wheels have gages on only

one side of the wheelplate and the trial simulation of bridges is used to
determine the most advantagous side of the wheel and radial gage position.
The primary sensitivity was determined from pure lateral loads applied with
a spreader bar. The absolute value difference in lateral force indication
between a combined vertical and lateral load on a rail and the pure lateral
load with the spreader bar at the same lateral load is attributed to vertical
force crosstalk. This method of crosstalk determination takes into account
the vertical load point at the L/V ratios of interest. While a correction
factor based on the vertical force crosstalk perfectly compensates a lateral
force at the optimized L/V ratio, it is usually still accurate to about 2%

of the lower lateral force at one-half the optimized L/V ratio.

The measurement of low lateral forces requires special considerations.
Since the lateral force is computed from the sum of the squares of two
bridge outputs all measurements have a positive sign. The convenient
determination of the direction of a lateral creep force requires a wheel
rotational position sensor. (It can also be accomplished by careful ex-
amination of the sinusoidal output of a single bridge.) It is possible
that a purely vertical load can cause a lateral bridge output having a sign
opposite to that caused by lateral force, but the crosstalk would appear
positive because of squaring. The first increment of lateral load would
cause a reduction rather than an increase in the output of such a bridge
and bridge strains at low lateral forces would not be unique to a particu-
lar force. Although this would be of little concern in an experiment to
measure high L/V ratios, low force measurements are vital in rail wear
experiments. The sign of the vertical crosstalk as well as its magnitude

must be considered in the design of wheels to measure low lateral forces.
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Figure 5.4 gives the primary sensitivity and vertical force crosstalk actua-
1lly achieved for several types of wheels. Lateral force measuring bridges
of maximum sensitivity having less than 2% crosstalk and 5% ripple were
sought in a simulation of possible bridges. Vertical load point sensitivity
is not a great factor because the range of load points is narrow while
lateral flange forces are being measured. The sensitivity of the sinusoidal
lateral bridge is much greater than that of the triangular vertical bridges.

Wheels of larger tread diameter in general produce greater semsitivity.

5.3 Ripple
Ripple.is caused by the failure of the bridges to produce the desired wave-
form and by deviation from the correct phase relationship between the com-—

panion bridges which are processed together as a force channel.

The wheelplates are machined for uniformity to reduce ripple and a grid of
radial and circumferential lines is scribed on the wheelplate to aid accu-
rate gage placement. The massive computer aided simulation of trial bridges
was used to determine gage locations of minimum inherent ripple. The ripple
of the vertical force channel is reduced by attenuating the high bridge

sums occuring between the rounded bridge peaks as shown in Figure 5.2.

This method achieves a substantial reduction in ripple at a small cost in

average sensitivity.

The lateral bridge output is inherently very sinusoidal. The requirement
for two bridges at the same radius out of phase by 90° is in conflict with
the 45° spacing between the gages in each bridge because both bridges should
occupy the same sbace. Placing the gages side by side causes a deviation

. from the proper phase relationship which manifests itself as ripple. Figure
5.5 gives the maximum ripple for each set of four wheels of four types.
Larger wheels which have less phase deviation between lateral bridges also
have less ripple. Combined loads caused greater ripple for both vertical
and lateral channels because crosstalk produced distortions of the wave-

forms.
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Ripple does not create as much error as might be supposed. Even the peak
wheel forces measured during vehicle dynamics testing are averaged for 50
to 100 milliseconds. A 36 inch wheel makes a full revolution in 100 milli-
seconds at 64 mph, totally negating ripple in a 100 millisecond average
wheel force. A single instantaneous measurement is rarely sought and any

filtering has a mitigating influence on ripple.

5.4 Load Point Sensitivity

A comparison of load point sensitivity between verﬁical and lateral bridges
in Figure 5.5 indicates that the effect on vertical bridges in greater than
expected of simply the change in hub movement due to a load point change.
The failure of tﬁe tread to transmit the moment due to load point offset
uniformly into the wheelplate probably results in unusual changes to the
local intense compressive strains in the wheelplate above the rail contact
to which the vertical bridge is most sensitive. The high load point sensi-
tivity of the 33 inch freight wheel which had the thinnest tread supports
this hypothesis.

The effect of load point sensitivity on measurements taken with the FRA
wheels was minimized in two ways. Taking as the load point for primary
vertical sensitivity the wheel flange adjacent the rail, causes the heavier
loaded high rail wheel to deviate little from the calibrated load point.
The additional movement of load point toward the flange under heavy lateral
loading was accounted for in the net lateral force crosstalk correction
factor. The lesser effect of vertical load point variation on lateral
force was also accounted for in its crosstalk correction factor. The re-
sidual effect of load point variation is that load transfer from low rail
wheel to high rail wheél in high cant deficiency curving is over estimated
by about 5% because the low rail wheel is loaded at a less sensitive point

on the tread.

5.5 Thermal and Centrifugal Effects and Other Sources of Drift

The vertical and lateral bridges used on the FRA wheelsets are particularly
immune to drift by virtue of strain gage location and instrumentation tech-
nique. Strains induced by thermal change and centrifugal force are radial-
ly symmetric on each side of the wheelplate. The lateral bridge consists
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of eight gages at the same radius on the same side of the wheelplate posi-
tioned in the bridge so that four add and four subtract. A radially sym-
metric strain field is cancelled by the additions and subtractions. Sim-
ilarly, the vertical bridges have four gages at the same radius on each

side of the wheelplate. On each side two gages add and two subtract.

Each bridge generates a triangular or sinusoidal waveform as the wheel ro-
tates under load. High pass filtering of the amplified bridge.signals at
.2 Hz does not attenuate the oscillating part of the signal but it forces
the signal to oscillate about zero. High pass filtering eliminates gradual
drift that could occur from thermal effects on the wheelset wiring and
wheel to amplifier cabling and zero drift of the strain gage bridge ampli-
fiers. It would also suppress thermal and centrifugal effects in bridges

which do not self cancel them.

5.6 Sensitivity to Longitudinal Force

Longitudinal forces involved in braking and driving are extraneous in-
fluences on the vertical and lateral force measurement bridges. Brakes on
instrumented wheelsets are usually disabled to avoid damage by overheating
or flatspotting, but instrumented wheel;ets on self propelled vehicles must
cope with driving forces. Figure 5.6 shows the strain distribution in a
driven wheel. The longitudinal forée may be resolved into a torque about
the axle and a horizontal force perpendicular to the axle. The similarity
between this horizontal force component and the vertical force suggests an

error source.

The vertical force measuring bridges on the fRA wheelsets are configured in
such a way as to cancel the effect of longitudinal forces. Figure 5.6
shows the strain components at four gages positions on one side of the
wheelplate due to vertical and driving forces. The bridge is shown in the
vertical null output position. Gages at 180° spacing add together in. their
contribution to the bridge summation. The vertical, horizontal and shear
components of strain are opposite in sense for gages spaced 180° apart and
cancel each other out retaining the null bridge output. The longitudinal

force does not create an intense local strain aligned with the sensitive
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axis of a strain gage which stimulates the vertical bridge in any rota-
tional position. The insensitivity of the vertical bridges to longitudinal

force has also been verified experimentally.

The lateral bridges used on the FRA wheelset are also insensitive to lon-
gitudinal forces. The symmetric gage pattern limits the effect of the
shear strains and the horizontal force has the effect of adding vectorially
to the vertical force to produce crossfalk. Since the longitudinal force
is limited by friction to about 1/4 the vertical load, the vector sum of
forces is only about 37 higher than the vertical force alone. An increase

in crosstalk of 3% of 4% or 0.12% is insignificant.

If the measurement of driving force is desired, torque sensing bridges can

be added to the axle between each wheel and the drive gear.

6. Summary and Comparison of Techniques

The selection of a force measurement system is dependent upon the require-
ments, the schedule and the budget of a particular test program. In each
of the previous sections the capabilities and limitations of the individual

force measurement systems have been presented.

The instrumented wheelset provides the ultimate measurement of wheel/rail
forces. It is the most accurate and the most céstly. If an evaluation

of wheel/rail wear or wheel climb phenomena is required, only an instru-
mented wheelset can be used. As pointed out in Section 1, only an instru-
mented wheelset can measure lateral wheel force. However if track panel
shift, for example, is under investigation, only lateral axle force is re-
quired. therefore an instrumented wheelset or journal load cells plus an
axle accelerometer can be used. The instrumented wheelset provides improved

accuracy but at a higher cost.
Similarly, if rail rollover, which is usually related to truck force, is of

concern then any of the available approaches can be applied. The inertial

technique employing a suite of accelerometers may be the best approach for

1-18



a quick look or a preliminary investigation. Its accuracy may be accept-

able to gain insight into a particular vehicle dynamics problem.

Table 6.1, "Onboard Measurement of Wheel/Rail Loads - Comparison of Tech-
niques'", presents a summary of the relative accuracy, cost, lead time and
limitations of each of the techniques discussed. The researcher may choose
between accelerometers, journal load cells, standard instrumented wheelsets

or special instrumented wheelsets to measure rail vehicle forces.

REFERENCES
1) ‘Manual - Measuring Wheels for Amtrak, Swedish State Railways (SJ)
2) Instrumented Locomotive Wheels for Continuous Measurements of
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Table 1.1

APPLICATION OF FORCE MEASUREMENT TECHNIQUES
FORCE MEASUREMENTS

TECHNIQUE

WHEEL

CREEP
STEADY STATE
DYNAMIC

AXLE

STEADY STATE

TRUCK

STEADY STATE |

AXLE

DYNAMIC

TRUCK

DYNAMIC

INSTRUMENTED

WHEELSETS

JOURNAL LOAD

CELLS

INERTIA

MEASUREMENT

JOURNAL LOAD
CELLS PLUS
AXLE INERTIA

1-MOST COSTLY AND ACCURATE

3-LEAST COSTLY AND ACCURATE
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Figure 3.1
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Figure 3.2
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Figure 5.1

VERTICAL FORCE MEASUREMENT BRIDGE
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Figure 5.2
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Figure 5.3

LATERAL FORCE MEASUREMENT BRIDGE

,/sin? + cos? TECHNIQUE (EMD)
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TYPICAL WHEELSET CALIBRATION CONSTANTS

VERTICAL FORCE MEASUREMENT LATERAL FORCE MEASUREMENT
WHEEL DESCRIPTION NET LATERAL VERTICAL FORCE
SENSITIVITY K rorce crossTALk  SENSITNITY  “eposstak
30" TREAD DIA., ' e e
CONCAVE CONICAL HE o He€ L 1/2%
WHEEL PLATE, 6kip 94 e _ '8 kip
3/4" MIN. THICKNESS '
33" TREAD DIA., .
CONCAVE CURVED M : . pe .
WHEEL PLATE, 5172 —k_l_(;- 94 4% 16 1/2 Kip 3%
3/4" MIN. THICKNESS
36" TREAD DIA., e e
CONVEX CONICAL He o ke 49
_ WHEEL PLATE, VA 94 > % e
3/4" MIN. THICKNESS
40" TREAD DIA. , _
CONCAVE CONICAL I | . pe .
WHEEL PLATE, 3072 o 92 | 1/2% 33 in | 1/2 %

I" MIN. THICKNESS

Figure 5.4




1€-T
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Table 6.1

ONBOARD MEASUREMENT OF WHEEL/RAIL LOADS COMPARISON OF TECHNIQUES

MEASUREMENTS {OVERALL LEAD
APPROAC
H REQUIRED ERROR |  COST TIME REMARKS
JOURNAL 'VERTICAL FORCE 10-30% | LOW TO SHORT- |-GOOD FOR QUICK LOOK LOW COST
LOAD ~BOTH BEARING MODERATE MODERATE | _
CELL S 15K T 950K) {123 MosT | ~NET AXLE LATERAL FORCE
LATERAL FORCE ~ AXLE INERTIAL FORCES ARE LIMITED
~OPPOSITE BEARING —FREQUENCY RESPONSE IS LIMITED
(<10 - 20 Hy) BY AXLE INERTIA
(NOT GOOD FOR IMPACTS)
INERTIAL LATERAL ACCELERATION|10 - 20% | LOW TO SHORT- | -G0OD FOR NET TRUCK LATERAL
(ACCELERATION)|  —CAR BODY MODERATE MODERATE | FORCE
— FREQUENCY RESPONSE 1S
- AXLES LIMITED (<10 Hp)
INSTRUMENTED | VERTICAL FORCE ~5%  |MODERATE  |MODERATE|-USES STANDARD AAR WHEEL PROFILE
&?Eﬁbi%) -2 BRIDGES PER ($ 30K - $60K) | (3 MOS) | _\onERATE COST AND LEAD TIME
~NO THERMAL OR CENTRIFUGAL
T BRIDSES PER EFFECTS
CHEEL —SMALL LOAD POINT SENSITIVITY
LONGITUDINAL FORCE
- AXLE TORQUE ONE
TO TWO BRIDGES
PER WHEEL
INSTRUMENTED | VERTICAL FORCE BETTER |HIGH LONG ~ THERMAL CALIBRATION
WHEEL SET LATERAL FORCE THAN ? ? —IMPROVED ACCURACY

LONGITUDINAL FORCE




DISCUSSION !

Mr. Gibson (WYLE): Where did you do your signal conditioning for your
gages?

Mr. Kesler (ENSCO): All the signal conditioning was done inside the
computer system inboard the test core, so there was no signal conditioning
done at the wheelset.

Mr. Gibson: Did you have any problem with noise in slip rings?

Mr. Kesler: Absolutely none. In fact, I think what we found, as I
pointed out, that four microstrain per thousand pounds was about the lower
limit for getting through the slip rings without having noise problems.
There have been some wheelsets, and you'll hear about one today which do
a little conditioning on the wheel to get by that.

Mr. Boyd (ENSCO): The noise from the slip rings when they were in new
condition was negligible or no problem. There's a finite number of miles
that can be covered with a slip ring before it wears out, at which point you
get large noise spikes. You immediately recognize that the slip rings are
now worn out and to continue the tests after, say, between two and five
thousand miles of running, you have to rebuild the slip rings or install
new ones. But a properly operating slip ring is no problem with having
at least three microstrains per kip.

Mr. Reiff (FRA): When you overlayed the summation of your inertial
measurements versus the axle load, that worked pretty good at 55 mph. 1Is
there a lower speed limit or does that taper off as you get towards zero?

~§ﬁ. Kesler: The question was, when I overlayed the inertial forces
with npé measured forces here, I said that was done at 55 miles an hour.
The qdestion was would that work better at lower speeds, is there a lower
limit? Certainly there would be a lower limit, and that lower limit would
be where you no longer are producing any dynamic force. To answer your
question a little better than.that, we did it at 35 miles an hour and
obtained very nearly the same results, so at least at that point and time
the technique worked quite well.

Mr. Yoh (TSC): How do you determine the effective masses in your
inertial techniques? I know it's not just the static weight divided by
the acceleration of gravity.

Mr. Kesler: The question is how do you determine the effective masses,
and fortunately, that was something that we didn't have to wrestle with. We
were able to pick up the phone and called Electro Motive Division of
General Motors and say "how much do the parts of your locomotive weigh?".

To actually do that, there are a number of techniques you could use and
for the direct masses, you'd just be weighing, but for the carbody inertia,
you could either do that empirically through testing or you could do it by.
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calculations through determining the location of your masses. But no, I
don't have a good technique for you other than the obvious.

Mr. Caldwell (CN): In the measurements of the accelerations by mount-
ing accelerometers on a traction motor, there are some free lateral clear-
ances in the suspension bearings which can give rise to impacts. I'm
wondering what band widths your measuring system worked to?

Mr. Kesler: On the slide, I indicated that that technique is limited
to about 10 to 20 Hertz at the most. The reason that is indicated is, just
as you point out, there are impacts associated with that phenomena plus
there are problems with mounting the accelerometer that, as the frequencies
get higher, you get more and more noise rather than just rigid body motion.
So, I would put an upper limit on that of 10 to 20 Hertz.

Mr. Brantman: Russ Brantman from TSC. Kevin, You might indicate that
a full report on the technique is being produced for us through your organi-
zation.

Mr. Kesler: Yes that's a comment. ENSCO has prepared a full
report on that and we're working with Russ now to get the finishing touches.,
I'm sure that if you contacted TSC once the report is completed, they'd be
more than happy to provide copies of the techniques.

Mr. Kurzweil: Len Kurzweil, BBN. You mentioned the dynamic range on
the inertia and load cell techniques. What about the instrumented wheel-
set? Do you know what frequencies they're good to?

Mr. Kesler: Well, first of all, I'd say that the limit of the instru-
mented wheelset is primarily limited by the first natural frequency of the
wheelplate itself. 1In most cases, this runs anywhere between 100 to 200
Hertz, so their band width is acceptable up to about 100 Hertz in most
indications I've seen.

1-35/1-36



DEVELOPMENT OF A WHEEL/RAIL MEASUREMENT SYSTEM -
FROM CONCEPT TO IMPLEMENTATION

Gordon B. Bakken
David W. Gibson
Richard A. Peacock

Wyle Laboratories
Scientific Services and Systems Group
4620 Edison Avenue
Colorado Springs, CO 80915

The development of a system to measure forces at the interface of a
freight car truck's wheels and tre rail is deseribed. Both an instrumented
wheel plate system and axle bending techniques were evaluated. The
method selected was an instrumented axle to measure bending moments
and an instrumented bearing adapter to measure the vertical loads at the
wheel/rail interface. A rotary pulse generator was used to measure wheel
position, and a bearing adapter instrumented with strain gages measured
bearing forces and positions. The rail position and the wheel position were
directly determined at two points with sideframe-mounted eddy current
transducers. Amplified strain gage signals from the axle were transmitted
by slip rings; an optical data transmission system to replace these rings is
described. Examples of analyzed data are given to show the synergistic
relationship of the lateral forces, torque, curvature, and angle of attack.
The results obtained simplify data reduction and significantly reduce the
complexity of the calculations of lateral/vertical forces.

INTRODUCTION

The Truck Design Optimization Project (TDOP), Phase II contract was awarded by the
Federal Railroad Administration (FRA) to Wyle Laboratories in 1977. The test
program was conducted in Nevada on the Union Pacific Railroad, Wyle's major
subcontractor, using the Union Pacifie's Mobile Test Car 210. The program's main
purpose was to evaluate the economic benefits of the newer, special-purpose freight
car trucks (Type II trucks) to the railfoad industry. This analysis necessitated an
extensive evaluation of both traditional truck designs (Type I trucks) and Type II truek

designs.
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Part of this evaluation was to determine the interactions which take place between
the wheels of a truck and the rail, e.g., wear, curve negotiation, and related forces.
The engineering and economie analyses required quasi-steady state parameters of
wheel/rail vertical and lateral forees, rolling resistances, and curve negotiation -
measurements such as truck swivel and wheel/rail angles of attack. To meet these
requirements, a wheel/rail measurement system was developed for use in TDOP Phase
II. This paper describes the system from concept to implementation, with mid-course
changes due to cost and technical factors as encountered. A brief discussion of the
results is included to provide an indication of the type of information obtained and
available from the program.

Concept Development

The TDOP Phase II goals for measuring wheel/rail forces and angles of attack initially
were quite demanding, with new and worn wheel profiles on each truck tested. As
many as twelve Type II truck designs were being considered Wwith the possibility of
instrumenting both wheelsets of a truck. The large number of wheelsets and truck
types led to establishing the following guidelines for implementation.

- Instrumentation should lend itself to field installation.
- Calibration should be easily and accurately accomplished in the field.
- Initial and repetitive costs should be minimized.

Evaluating Options

With these guidelines in mind, an evaluation of existing measurement techniques was
initiated. A research of literature was conducted and experts in the industry were
contacted; all indicated that every existing technique had its limitations. Literature
on German and British spoked wheelsets was reviewed and evaluated. Spoked wheels
were ruled out due to schedule and cost considerations. The viable techniques left for
consideration were the instrumented wheel plate, which measures lateral and vertical
forces directly, and the axle bending techniques, which use direct measurement of
-applied vertical loads at the bearing adapter and measurements of bending strains at
the axle to calculate vertical and lateral forces at the wheel/rail interfaces. Both
techniques have problems with erosstalk between applied forces. In order to evaluate
these options, Wyle selected the IIT Research Institute's (IITRI) measurement system
and postulated an axle instrumentation measurement system which would avoid the
problems of the U.S. Steel axle bending technique.
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Techniques for measuring lateral and vertical forces using an instrumented wheel plate
have undergone extensive engineering and finite element analyses during their
development. Figure 1 illustrates the IITRI type wheel plate instrumentation. The
data reduction and analysis efforts required to obtain satisfactory results in separating
the crosstalk terms in these systems are quite extensive. Wheel plate instrumentation
is further complicated by manufacturing irregularities in the wheel plate surfaces.
High centrifugal forces and temperature gradients due to wheel tread heating must
also be considered in the design. Calibration of wheel plate instrumentation requires
special loading fixtures and usually is performed in a laboratory environment. The
wheel plate measurement systems normally provide a high frequency response due to
the proximity of the transducers to the wheel/rail interface. Symmetrical location of
transducers on the wheel plate or axle aids in self-cancellation of the thermal and
rotational stresses. Manufacturing tolerances, mass distribution, and uniform radial
location of the strain gage transducers are very important in wheel plate measurement

systems.

Axle bending techniques using vertical loads at the bearing provide a direct measure of
the applied vertical load at the wheel/rail interface without crosstalk between points
of load application. Determination of the lateral loads, however, is hindered by the

location of vertical load applications and by the locations of lateral loads at the
bearing adapter and the wheel/rail interface. Figure 2 illustrates the static loading of

an axle using the U.S. Steel axle bending technique. This technique assumes that the
bearing adapter lateral forces act through the neutral axis of the axle, when in fact
they are applied at the surface of the roller bearing approximately. 4.8 inches from the
neutral axis for a 100-ton axle. This causes an error in the calculation of 'lateral
forces at the wheel/rail interface. The actual effective vertical load application
points are also .sources of error in the calculation of the applied lateral loads. Since
the moment arm producing the axle bending varies as the points of load application
vary, the use of a constant moment arm in the equations produces errors in the data.

Figure 3 shows an improved static loading model.

The calibration of axle bending simply requires the application of a measured force at
the inside rims of the wheelsets at a known distance to produce the calibration bending
moments in the axle. Cancellation of centrifugal forces due to uniform location of the
fdrce transducers on the axle is more easily realized than with wheel plate measure-
ment systems. Both temperature-induced and rotational stresses are cancelled due to
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uniformity of axle diameter. The smaller radial distances of the axle bending type

measurement also aid in reducing errors due to centrifugal force from mass unbalance
which may oeceur in the axle.

A shortcoming of existing axle bending techniques is that they neglect the changing
axial load application Ipoints at the bearing adapter and the wheel/rail interface. At
times when the wheel is not flanging, the wheel/rail load application can vary as much
as 17 inches laterally; likewise, the bearing adapter loads can, in a worst-case
situation, vary as much as + 2 inches. When the wheel is flanging, the wheel position is
known, but the problems of the two-point contact cause some ambiguity in location of

the applied forces. This effect, however, is less than the variance in application of the
vertical forces at the bearing adapter.

Selecting a Measurment System

Figure 4 illustrates the improved measurement system. As envisioned, the system
would directly measure the following parameters:

Angular wheel position
Bearing adapter vertical load and location

1.
2.
3. Bearing adapter iongitudinal load and location, bearing bending moments
4, Axle bending: vertical and longitudinal bending moments
5.
6.

Axle torque differential creep forces
Wheel/rail positions

The parameters caluclated from those directly measured are:

1. Lateral forces at wheel/rail interface

2. Lateral forces at bearing adapter

3. Vertical forces at wheel/rail interface

4. Longitudinal forces at wheel/rail interface
5. Wheel/rail angles at attack

The advantage of this type of system is the measurement of critical parameters at

each interface of the wheelset. Measurement of vertical and longitudinal forces at
the wheel/rail interface would be independent of load application and the sources of
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errors in calculation of lateral forces would be minimized. The anticipated RMS error
of this system is 7.4%. l

Synergism of the measured parameters such as torque and differential longitudinal
bending lead to improved data confidence. Direct measurement of the difference of
the longitudinal forces acting on the axle via the torque gages provides additional
valuable information to be correlated with angle of attack and wheel profile
information in estimating differential creep forces. '

To summarize the selection decision, the wheel plate technique had advantages over
axle bending in low measurement error of lateral/vertical (L/V) forces, but it would be
very expensive to implement. Whereas an improved axle instrumentation technique
had comparable accuracy and could be more easily implemented, plus it had the ability
to measure three orthogonal forces at the wheel/rail interface.

TMPLEMENTATION PLAN

Wheel position was to be measured by a 2048-count per revolution rotary pulse
generator. The bearing adapter forces and positions were to be measured by an
instrumented bearing adapter with two strips of multiple strain gage pins (Figure 5)
which could be summed in a sine and cosine weighting network according to their
angular positions on the bearing - bearing adapter interface. The cosine output gives

vertical forces and the sine output give longitudinal forees on the bearing adapter.
Summing the cosine outputs of each strip gives total vertical load and the difference

gives a measure of postion shift of vertical load from the center of the adapter. The
 same technique would be used to measure the location of longitudinal loads (see Figure
8). The differential vertical and longitudinal forces times the distance between the
transducers would give’ the moments exerted by the bearing adapter on the bearing in
both the vertical and longitudinal directions.

The wheel/rail position measurements would be developed using position data from the
angle of attack transducers (see Figure 7). These transducers are inductive eddy
current type transducers which directly measure the rail position at two points and the
wheel position at two points from a common mounting fixture. The average of each
set of two transducers yields either the rail position or the wheel position. The
difference of each set divided by the distance of the pair yields the angle of the rail or
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Figure 6. Measurement of Shift in Wheel Load

the wheel to the mounting bracket. The difference of each set divided by the distance
of the pair yields the wheel/rail angle of attack.

“The axle-mounted transducers consist of two sets of eight full bridge bending strain
gages spaced 223° radially around the axle, each set located 15 inches from the center
of Athe axle where there is a set of two torque gages. Axle-mounted amplifiers and
signal conditioning were recommended based on the experience of both American Steel
Foundries and IITRI.

The original TDOP concept called for using worn wheel profiles obtained from the
Wear Data Collection Program (part of TDOP) with the wheelsets being returned to
the program after completing testing on each truck. Since these trucks were being
used in interchange revenue service, modification of the axles for slip rings was very
undesirable. To solve this problem, Wyle postulated a multichannel, axle-mounted,
optical data transmission system. Figure 8 indicates the conceptual and functional
operation of this system. Its primary benefit is the elimination of slip rings and the
axle modifications associated with them.
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PROBLEMS AND SOLUTIONS

Bearing Adapter

Cost and delivery schedules necessitated the use of an instrumented bearing adapter
developed by Southern Pacific Railway for TDOP Phase I instead of the one previously
described. The Southern Pacific bearing adapter had several problems including non-
linear sensitivity with load, desensitization due to load position, and multiple load

paths (especially noted in high speed tests).

In order to mitigate the desensitization due to load position Wyle installed two
additional % bridge gages on either side of the center gage (F1-1 and F1-2 in Figure 9).
The modified bearirig adapters were calibrated at the Transportation Test Center in
Pueblo, Colorado, using its truck squeezing fixture. Each bearing was calibrated using
different loading positions and a family of curves was developed for the various load
configurations. These curves were placed in lookup tables in the computer and used to
correct for both non-linear output and load application desensitization.

D - DUMMY STRAIN GAGES *
A = ACTIVE STRAIN GAGES

BL - 1 ADAPTER (TYPICAL)

*Used for thermal compensation and bridge balancing

Figure 9. Location of Strain Gages on Bearing Adapter
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The problem of multiple load paths could not be solved and could only be handled
empirically in data reduction. Use of Southern Pacific bearing adapters also resulted

in loss of the measurement of longitudinal forces at the bearing adapter and the
resultant longitudinal wheel/rail forces.

Angle of Attack

Only two angle of attack systems were implemented, which meant that the measure-
ment of the vertical load moment arm changes at the wheel/rail interface was not
obtained. The resulting errors are greatest in the non-flanging wheel and least in the
flanging wheel. ‘

Axle Instrumentation

Economic considerations led to the decision to exclude worn wheel profiles from the
tests and to limit testing to two new profiles: the AAR 1/20 profile for Type I trucks
and the Canadian National (CN) modified Heumann profile for Type II trucks.
 Developmental. difficulties with the optical data transmission system dictated the use
of slip rings for the transmission of the amplified analog strain gage signals from the
axle. However, work continued on the optical data transmission problems during the
test program and eventually the difficulties were resolved. Optical transmission of
the digital data was demonstrated at the end of the test program, but not used in
actual data collection.

- Installation and Calibration

The strain-gaged bearing adapter is shown in Figure 10. The axle-mounted strain
gages were installed in the field at the Union Pacific's Repair-In-Place (RIP) Yard, Las
Vegas, Nevada, and calibrated on location for bending and torque. Installation and
wiring of the units are shown in Figure 11. Figures 12 and 13 show the baking of the
bonded strain gages and the finished wired axle. The calibration setup was such that
one wheel was supported by an air bearing to insure freedom in the lateral and
longitudinal dimensions (see Figure 14). The calibration of torque gages (Figure 15)
was performed when the axles were under a loaded car, with one wheel jacked to clear
the rail and torqued with a wrench specially designed by Wyle for this purpose.

Figure 16 shows the installed axle-mounted signal conditioning package and Figure 17
shows the air gap power transformer and power supply for the axle-mounted hardware.
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Figure 12. Oven Used to Bake Adhesive Bond Between Strain Gages and Axle

Figure 13. Axle with Completed Strain Gage Instrumentation
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Figure 16. Installed Axle-Mounted Signal Conditioning Package

Figure 17. Air Gap Power Transformer and Power Supply
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The rotary pulse generator is shown in Figure 18. During the initial testing, it was
discovered that the freedom of the flexible shaft driving the rotary pulse generator
was too great and significant errors in the angular positions of the wheel were causing
problems in the multiplexing of the vertical and longitudinal bending moments. Field
implementation of an optical reset triggered by a reflective i-inch wide tape
cemented to the wheel solved the wheel position problem (see Figure 19). Since direct
recording of the individual strain gages via slip rings was implemented (Figure 20), the

multiplexing eircuitry was not used.

Data Acquisition

The Union Pacific Railroad's Test Car 210 housed the data acquisition system (Figure
21). The system was constructed as a hybrid of government-furnished equipment,
Union Pacific's equipment, and Wyle-developed equipment. A block diagram of the
system is shown in Figure 22. Up to 96 analog data channels were sampled at 200
samples per second and recorded on digital magnetic tape for subsequent data analysis
and reduction. Real-time analog strip chart recordings were made of selected data
channels for monitoring test progress. Quick-look data playback provided the ability
to review all recorded data channels at selected portions of the test to further assure

data quality.

Data Reduetion

Major data reduction was perforined at Wyle's Colorado Springs facility using the
Advanced Data Analysis and Reduction System (ADARS), a flexible software package
developed by Wyle for general purpose data analysis and reduction. The capabilities of

the data reduction system are summarized in Figure 23.

Two techniques were investigated for determining axle bending moments from the
strain gage data. “The first method, multiplexing, was merely a software version of the
hardware multiplexer. The Rotary Pulse Generator (RPG) signal was used to
determine the rotational position of the axle, and the gage pair nearest the vertical
plane was selected for the vertical bending moment. A multiplier of +1 or -1 was used
depending on which gage of the pair was up. The second method, referred to as the
quadrature method, used the RPG signal to determine the rotational position of the
axle and two orthogonal pairs of gages to determine the vertical and longitudinal:

- bending moments. This method assumes that the signal from a gage pair will be
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Figure 23.
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sinusoidal if the bending in the axle is constant. By only requiring two gage pairs; this
method allows four independent calculations (if all eight signals are good), which can
be averaged to provide a better result. The two methods were compared and the
quadrature method was found to give better results, especially when less than eight

gages were functioning.

Although the longitudinal forece measurement was lost due to use of the Southern
Pacifie bearing adapter, comparisons of peak longitudinal bending moments with the
vertical bending moments yielded some interesting information. For instance, except
in rare instances (severe flanging), the longitudinal bending moments are less than 10%
of the vertical moments; peak longitudinal bending moments as high as 30% were

encountered in worst-case severe flanging.

This information allows using the magnitude of the total bending moment as an
approximation to the vertical bending moment. The vertical bending is then
calculated using the square root of the sum of the squares of the outputs of the two
gages, and does not require knowledge of the axle rotational position (RPG). Using
this approximation, the worst-case error is less than 5% and normally less than 19%.
This simplifies the data reduction and greatly reduces the complexity of the

calculations of L/V forces.

L/V ratios are shown in Figure 24 for two test runs made during a special test for TSC.
These show relationships between vertical bending, longitudinal bending, differential
longitudinal bending, and torque. Figures 25, 26 and 27 contain other examples of
reduced data, from which the synergistic relationships of the lateral forces, torque,
curvature, and angle of attack ecan be seen. The RMS accuracy of the data is 15.1%,

which was sufficient for the comparison of truck designs in the TDOP program.
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FUTURE DIRECTIONS

The development and application of a complete instrumentation package foi' the
measurement of lateral and vertical wheel/rail forces has resulted in valuable
experience and generated a wealth of information during the Truek Design Optimiza-
tion Project, Phase II. The survey of various techniques heretofore used in the railroad
industry focused in on a cost effective method of wheel/rail force measurements,
without sacrificing the integrity of quality technical dafa needed for accurate
quantification of the forces. The axle-bending technique was chosen as the approach
most likely to succeed in providing the necessary, quality data while allowing
development and implementation of the system within relatively limited resources in
terms of budget as well as schedule. The results from the program confirm this choice

of the system.

In summary, the merits and demerits of the axle-bending system with instrumented
bearing adapters as vertical forece transducers as an instrumentation package for the

measurement of lateral and vertical wheel/rail forces can be stated as follows:

-  Three-axis measurement of wheel/rail forces can be successfully achieved
through the system.

- The system provides a reasonably easy and accurate way for the measure-
ment of longitudinal forces through the measurement of axle torque.

-  Field implementation and calibration of the system is straightforward and
easily interfaced with existing data acquisition systems.

- Data quality control and data analysis are achieved through relatively
simplistie procedures.

-  The instrumentation system can be implemented in a relatively short period
of time and is highly cost effective. :

- The bearing adapter as a vertical forece transducer, although sound in
concept, needs additional development to assure proper procedures to
maintain loading positions. Alternate methods for measuring vertical forces
could be simpler and perhaps easier to implement.

Since the completion of the TDOP Phase II field test efforts, additional developmental
efforts on the force measurement system using the axle-bending technique have been
undertaken at Wyle Laboratories. As a result, some of the problems encountered
especially relating to the vertical force measurements, have been solved and a more

effective measurement system is now available to the industry.
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DEVELOPMENT AND USE OF AN INSTRUMENTED WHEELSET
FOR. THE MEASUREMENT OF WHEEL/RAIL INTERACTION FORCES

Milton R. Johnson
ITT Research Institute, Chicago, I1 60616

Introduction

Knowledge of the forces acting across the wheel/rail interface is essen-
tial for the rational design of railroad track structures and equipment.
Wheel/rail load data are also needed for evaluating truck performance, ex-
plaining the phenomena associated with wheel and rail failure, understanding
the dynamic interaction between rail wvehicles and the track, and investigating

the conditions which lead to wheel climb and derailment.

A number of systems have been developed where strains measured on the
wheels, axles, or other truck components have been used to infer the transient
wheel/rail load environment. At IITRI we have developed a system which deter-
mines wheel/rail loads from strain measurements on the plate of the wheel.

There were four principal objectives in the development of this system:

e provision of a relatively large output signal,

e provision of a continuous description of the wheel/rail lateral
and vertical load environment,

e insensitivity to symmetric wheel strains such as those caused
by rim heating or centrifugal force effects, and

e allowance for the correction of crosstalk effects between
different strain gauge bridges.

The design of the strain gauge bridges was based on an analytic study of
strains on the surface on the,wheel which result from vertical and lateral
forces at the wheel/rail interface. Six strain gauge bridges are used on each
wheel. Three are designated as vertical bridges and respond primarily to ver-
tical loads acting on the wheel. Two are designated as lateral bridges and
respond primarily to lateral loads acting on the wheel. One bridge is desig-
nated as a position bridge and it responds primarily to the lateral position

of the line-of-action of the wvertical load.

The system has been applied to wheelsets using 36 inch diameter, one wear,
wrought steel wheels (H36) installed on a standard raised wheel seat axle with
6% x 12 in. journals. All surfaces of the wheels have been machined to insure
their symmetry. The wrought steel wheel design was chosen because the narrow
cross section of the plate inside of the rim fillets provides an excellent
location to sense the vertical (radial) wheel loads. Weldable strain gauges
have been used because of the simplicity of their installation. Our prefer-

ence is to use the Micro-Measurements LWK series gauge.
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Vertical Bridges

Each of the three vertical bridges consists of twelve strain gauges with
three gauges in each leg of the bridge as illustrated in Figure 1. Six of the
gauges are applied to each side of the plate, three centered about one end of
a diametral line and the other three centered about the opposite end of the
line. All gauges are oriented in the radial direction. Each bridge is used
to sense vertical load within 60° sectors which are centered 180° apart. The
output of the bridge is a maximum on its centerline and drops off by 39 per-

cent at the 1300 edges of the sector.

The gauges on the opposite sides of the plate are additive in the bridge.
Desensitizing resistors are added to each leg of the bridge with gauges on the
inside plate to minimize the change in sensitivity with lateral position of

the vertical load.
Lateral Bridges

Each of the lateral bridges consists of eight strain gauges arranged with
two gauges in each leg of the bridge. The bridge configuration and gauge
placement are illustrated in Figure 2. All of the gauges are applied to the
inside plate surface. Four gauges are centered about one end of a diametral
line and the other four are centered about the opposite end of the line. All
gauges are oriented in the radial direction. Each bridge is used to sense the
lateral load in two 90° sectors which are centered 180° apart. The output of
the bridge is a maximum on its centerline and drops off by 31 percent at the

iﬁso edges of the sector.

The gauges in each of the 90° sectors are arranged to be additive in the
bridge. The gauges are mounted at a diameter where there is a minimum inter-
action with the vertical load. However, there is some crosstalk between the
lateral position of the vertical load on the tread and the output of the

lateral bridges. An adjustment is made for this in the signal processing.
Position Bridge

The position bridge consists of 8 strain gauges with 2 gauges in each leg
of the bridge. The bridge configuration and gauge placement are illustrated
in Figure 3. The gauges are applied to the inside plate surface in the rim

fillet. The two gauges in each leg of the bridge are positioned about gauge
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lines 90° apart and as a result the bridge provides maximum response every 90°
of wheel rotation. When the wheel/rail contact point is lined up with one of
the gauge lines the output of the bridge is provided by the gauges at the zero
and 180° positions. The gauges at 90° and 270° provide minimal output which

is cancelled out.

The bridge provides useful output data only in a narrow sector about the
gauge lines. At these locations, the output of the bridge varies with a change
in the lateral position of the vertical load on the tread. The signal from
the position bridge, when used in conjunction with the other two load bridge
signals, can provide an indication of the lateral position of the load acting

through the wheel/rail contact point.

The output of each of the three types of bridges is oscillatory once per
wheel revolution with the absolute Qalues of the positive and negative signals
being equal for a constant load. Axisymmetric surface strains, such as those
due to centrifugal force and rim heating effects, are cancelled out by this
bridge arrangement. Figure 4 shows a typical set of signals provided by the

strain gauge bridges during the operation of the wheelset.
Calibration

Calibration tests have been used to determine the sensitivity, linearity,
hysteresis and crosstalk characteristics of the individual bridge circuits.
The calibration test fixture consists of two journal supports and a reaction
frame, which can be positioned at any location with respect to the wheelset.
Radial loads are developed with a hydraulic cylinder which is in series with a
load cell. The load is applied between the reaction frame and a loading block
oﬁ the tread of the wheel. The line-of-action of the vertical load can be
directed at any lateral location on the tread. Lateral loads are also devel-
oped hydraulically through a separate fixture which is restrained by the rim
of the opposite wheel. Lateral and vertical loads can be applied simultane-—

ously.

Table 1 summarizes a typical set of data from the calibration of a wheel.
The table shows the bridge output voltages obtained on the centerline of each
of the three vertical bridges as a result of the application of vertical loads.
The bridge output voltage is given in terms of mV/klbs, which is obtained as

the best straight line fit of the calibration data. The third column in the
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table indicates the output voltage intercept of this line for a zero load.

The fourth column in the table indicates the maximum nonlinearity in terms of
percent of full scale load (50 klbs for vertical load and 25 klbs for lateral
load). Figure 5 indicates the wvariation in the output of the vertical bridge
as the load point is moved across the tread of the wheel. Note that the
vertical bridge is relatively insensitive to the line-of-action of the vertical
load. Figure 5 also shows the crosstalk effect between lateral load and out-
put of the vertical bridge. A separate curve in the figure indicates the out-
put of the vertical bridge as a function of load position when a 10 klbs

lateral load is directed toward the flange.

Figure 6 shows how the output of the lateral load bridge is influenced by
the line-of-action of the vertical load. The figure shows that the output of
a lateral load bridge for three values of lateral load, as a function of the
position of the line-of action of a 32 klbs vertical load. Note that the out-
put of the lateral bridge is affected by the equivalent of an approximate 2.5
klbs lateral load for a one inch movement of the line-~of-action of the verti-
cal load.

Figure 7 shows the output of a typical position bridge as a function of
the line-of-action of the wvertical load. Note that the change in output sig-
nal for this bridge is more sensitive to load position than the vertical
bridge (Figure 5). This allows one to determine the position of the line-of-
action of the vertical load by examining the ratio of the output of the verti-
cal bridge to the position bridge. Figure 7 also shows the effect of a lateral

load on the output of the position bridge.

~ Data from the three types of strain gauge bridges can be processed to
determine the vertical and lateral loads and the lateral position of the ver-
tical load as a function of time. The calibration data allows one to quantify
the relationships governing crosstalk effects. Three nonlinear equations can
be developed relating the two load and the position parameters to the signals
from the strain gauge bridges. These relationships are then employed in the

data analysis program.
Data Processing

The data may be recorded in analog form and subsequently digitized, or

recorded directly in digital form. The sampling rate requirement is a function
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of speed. A sampling rate of 500 samples per second is acceptable for speeds

up to 45 mph.

The first operation identifies the wheel rotational position. This is
done with the output of the position bridge which is sharply peaked every %
wheel revolution. Knowledge of the wheel rotational position allows one to
designate the outputs of the proper lateral and vertical bridges to be used for
different sectors in the rotation of the wheel. One is interested only in the
output of the bridge closest to the wheel/rail contact point. For example,
the data from one vertical bridge output is used for only 60° of wheel rota-
tion and then the signal is used from the adjacent bridge, etc. The lateral

bridge output is changed every 90° of wheel rotation.

Having established the rotational position as a function of time, the
output of the vertical and lateral bridges are adjusted to account for the
attenuation of bridge output as the wheel contact point rotates away from the
centerline of the bridge. Next the complete set of calibration equations is
solved for vertical and lateral loads, and vertical load position at the 90°
wheel rotation positions. It is not possible to utilize the position signal
at any other wheel orientation because of the rapid attenuation of its signal
with rotation of the wheel. The equations are solved by an iterative process.

Position values within the 90° sector are estimated by interpolation.

The vertical and lateral loads between the 90° locations are obtained by
solving the calibration equations using the interpolated values of position.
Solving the calibration equations at each point allows one to make a continu-

ous correction for crosstalk effects.

The data reduction procedure makes possible a point by point calculation
of the load and position parameters at the sampling frequency used to digitize
the data. The load data may be processed by standard techniques to determine
its statistical properties or it may be plotted for a visual protrayal of the

load and position values as a function of time.
Examples of Load Data

Examples of load data obtained during test runs on the FAST track are
shown in Figures 8, 9 and 10. These figures show the lateral and vertical
wheel/rail forces for each wheel. The test condition was a 45 mph counter-

clockwise run around the FAST track. The A wheel was on the outside rail of
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the loop. Positive lateral load is defined as load directed toward the

flange.

Figure 8 shows a condensed display of the data covering the entire loop.
Note the build-up in lateral load when traversing the curved track sections.
Also note the larger amplitude of the secondary lateral force oscillation on
the outside wheel which is due to wheel flanging. Vertical weight transfer
effects are also indicated since the speed on the curves was slightly over the

balance speed.

Figure 9 shows a more detailed display of data for the wheel/rail forces
acting during the entry to a 5 degree curve. The data show the build-up of
lateral forces and the greater lateral load fluctuations for the A wheel, which

was on the outside rail.

Figure 10 shows detailed data for a tangent section of the FAST track
with jointed rail. The vertical load traces indicate that the car is under-
‘going a rolling motion. Note that there is a periodic indication of the rail
joints. Almost every joint can be identified by a sharp transient vertical
load. The rolling motion of the car is shown to be in phase with rail joint

passage.



TABLE 1.— TYPICAL STRAIN GAUGE BRIDGE CHARACTERISTICS

Bridge Type and

Bridge Output

From Best Fit Of

Bridge Output
At Zero Load

Maximum
Nonlinearity
(Percent of

Orientation (mV/k1bs) Calib. Data (mV) Full Scale)
V-1 0° 0.0543 0.0028 0.15
v-1 180° 0.0562 -0.0021 0.18
v-2  60° 0.0563 0.0036 0.14
v-2  240° 0.0564 -0.0024 0.18
v-3 120° 0.0565 0.0029 0.14
v-3 300° 0.0555 0.0017 0.32
-1 o° 0.352 -0.081 0.42
L-1 180° 0.357 0.028 0.51
L-2  90° 0.356 0.089 1.02
L-3 270° 0.361 -0.056 0.91

Note: 30V, vertical bridge excitation voltage
25V, lateral bridge excitation voltage




12.02 in. R.

OQutside Wheel Plate

13.79 in. R.
Inside Wheel Plate

FIGURE 1 VERTICAL BRIDGE CONFIGURATION



X

FIGURE 2 LATERAL BRIDGE CONFIGURATION

13.79 in. R.

FIGURE 3 POSITION BRIDGE CONFIGURATION
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Vertical Bridges

FIGURE 4 EXAMPLES OF STRAIN GAUGE BRIDGE OUTPUTS
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DISCUSSION

Mr. Sweet: Larry Sweet from Princeton University. I'd like to comment
on the oscillations in the lateral forces that you observed with steady state
curving., In our scale model experiments at Princeton, we've observed the
exact same thing in which we take the single wheelset and held it at a cons-
tant angle of attack and constant essentially equilibrium conditions, and we
see very large oscillations in the lateral force even when there are no
dynamics associated with the body at all. We haven't been able to pin down
the source of the oscillations. It's possible that either local variations
in friction coefficient or variations .in the contact geometry will cause this.
I think this is important because it has strong implications when you want to
analyze the data in a derailment safety context. If you want to have a derail-
ment criteria that's based on a time duration of a L/V ratio, how do you
define the time durations when you have the large spikes. Do you define the
time duration as the width of one of these oscillations even though it
doesn't go down to zero or.do you extrapolate those oscillations down to zero?
A very difficult problem and I think we need to understand more about the
cause of these for the purposes of correcting.

Mr. Johnson: Thank you. I can comment only that we've noticed that
those oscillations get bigger as you get on track with more irregularities
in it so that that seems to have a big factor in it.

Mr. Gibson: Dave Gibson from Wyle Laboratories. 1In your calibrations
procedure, how did you apply the lateral loads and how did you determine the
point of application?

Mr. Johnson: The lateral load is applied through a block on the wheel
which simulates a rail shape. This block, that is, the point of contact
with the wheel simulates a rail, but the other sides of the block have a
position for applying a lateral load and then also a vertical load. So we
apply a vertical load at the same time we're applying a lateral load, and
the line-of-action of the lateral load is controlled by where the reaction
frame is supported that put on the lateral load. Therefore, we control the
line-of-action. And similarily, the vertical load line-of-action is con~-
trolled, so we attempt as carefully as possible to set that up that way.

In fact, what we have done is run calibrations with different vertical loads,
different ambient vertical loads on the wheel, and then run through a
lateral load calibration cycle.

Gentleman from Conrail: In your position bridge calibration have you
applied to it the vertical line or access on the flange, and would the
calibration still be behaving linearly?

Mr. Johnson: Yes. We applied some vertical loads actually on the tip
of the flange in order to see how well that linearity carried over and
it seemed to continue to be quite a lirnear relationship as indicated on
these curves.
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Mr. Brown: Bob Brown from Battelle. Milt, do you have an overall
estimate of the accuracy of the typical case of curving where you have
flange contact? :

Mr. Johnson: We've always strived to have an overall 5% accuracy in
curving. I think there might be some differences of opinion in just how
one demonstrates what your overall accuracy is, and I think it ultimately
gets down to the need for some type of dynamic calibration.

Mr. Brantman: Russ Brantman from TSC. In comparing to the presenta-
tion of ENSCO on the type of bridge set-up they were using, they indicated
cross—talk errors in the range of 1 to 5 percent in the magnitude of the
vertical load, so that would be again in keeping. In going to the approach
that you did, what are you hoping to gain and what are they losing?

Mr. Johnson: We could never get up, with the bridge arrangement on the
wheels that we use, that indicated crosstalk in the 3 to 5 percent region.
It always turned out to be 10, 15, or even 20 percent under some extreme
cases, if you start looking at all possible combinations of loads. No,
that's not saying that you can't get smaller crosstalks on other wheels.
I'm just saying that on our wheel we were never able to do that, and that's
why we went to this other arrangement. One of the reasons that we may be
getting an original higher crosstalk value on the basic vertical and
lateral bridges is the fact that we are spreading out the gages, as we
have to cover a 90° segment in the case of lateral load and a 60° segment
in the case of vertical load. By attempting to cover over that sweep,
you're really a little bit more restricted in where you can locate the
gages, and it might be something that leads to a little bit more inherent
crosstalk in the bridge arrangement than with some other bridges. I
really don't know the full answer to that question.

Mr. Caldwell: Nelson Caldwell from CN Rail Research. Milt, in con-
nection with the higher frequency measurement on the impacted rail joint,
could you comment on the effects of wheel-rim mass and the stability of
strain gages on the plate to respond to high frequency inputs based on the
static calibration?

Mr. Johnson: That's just the problem area that I was referring to
previously. I really do not know how much we can believe some of the short
duration impact loads. I think, first of all, you have to say that some-
thing fairly dramatic is happening there on the wheel in order to excite the
bridge in the way it is, because it's going through a considerable excita-
tion. We've seen on higher speed tests that these spikes get higher and
higher. I think in terms of the duration, that's one thing that has to
be considered. 1In fact, one of the objectives in the placement of our
gages on a steel wheel up too close to the rim were really to minimize the
amount of mass that you have between the wheel/rail interaction joint and
the positions of the gages themselves to attempt to improve the fidelity of
the short dynamic reactioms.
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THE B.R. LOAD MEASURING WHEEL

A. Ronald Pocklington
B.R. Research and Development Division
Railway Technical Centre
London Road, Derby
ENGLAND

A complete knowledge of the forces which occur between wheels and rails
is essential to an understanding of the dynamics of a railway vehicle. They
are also of fundamental importance to the life of the track beneath.

A load measuring wheel has been developed and used which measures these
forces very near to the point of generation. It is probably unique in giving
accurate and continuous signals of all three components of the contact force.
An adequate calibration rig to measure outputs and all cross sensitivities is
an essential item of equipment as is the processing equipment to rid the
signals of impurities, and these have been successfully commissioned.

Wheels of this type have been used successfully by B.R. for some 6 years
on experiments including curve and turn-out negotiation, derailments at speeds
up to 45 mph and stability investigations to 125 mph.



INTRODUCTION

An accurate and complete time history of the dynamic force at the wheel/rail
contact patch is essential for understanding railway vehicle behaviour. This
force can be considered to comnsist of vertical, lateral and longitudinal
components and it is most important to measure all three. - If such data from
all the wheels of a vehicle or truck is known then its total behaviour can be
ascertained and theories refined to fit the facts. No study of the plan view
behaviour of a vehicle can be followed, or creep force components determined
and understood, without the added knowledge imparted by the longitudinal

forces.

FIG. 1

RESOLVED FORCES
BETWEEN
WHEEL AND RAIL.

VERTICAL FORCE.

LONGITUDINAL FORCE.
LATERAL FORCE.

7

a
These triaxial forces, see Fig 1, are the input forces to the suspension and
influence such things as, ride quality, ability to negotiate curves, wheel
tread and flange wear, derailment proneness, suspension component life, etc.
They are also the forces which interest the Civil engineer - since they are
imparted to his track and are likely to damage rail ends, fracture or
overturn rails, produce corrugations, loosen fastenings, weaken ballast and

lead to other kinds of deterioration.
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For a serious study of the fundamental dynamics of these problems there are a
few other measurements which are often important, such as flange/rail
clearance, wheel/rail angle of attack, gauge, wheel and rail profiles, etc.
These are regularly recorded when LMW experiments are being conducted but,
apart from the odd intrusion in an illustration, the apparatus will not be
described in this paper, which is devoted to the LM wheel system developed and

used on BR.

DEVELOPMENT HISTORY

About 9 years ago it was agreed to meet these force requirements by developing
a load measuring wheel and an early decision was taken that a spoked wheel
would best enable the triaxial forces to be measured at a place near to the
wheel/rail contact and that a calibration rig capable of realistically
applying all three forces was essential if all cross sensitivities were to be
checked. It was appreciated that longitudinal force influence on the
measurement of the vertical force was bound to be a difficulty since both

forces lie within the plane of the wheel, albeit 900 out of phase.

The force transducer to be described builds on the work of Dr Weber, who wrote
a thesis entitled "Determination of the forces between wheel and rail"

(T.U. Zurich 1968). Weber's wheel provided information on vertical and lateral
forces only, the vertical signals were intended to provide six spot values per
revolution (four of which are in some error due to cross sensitivity to

longitudinal forces) and the lateral signal had a fluctuating output.

The BR version of load measuring wheel is capable of providing a continuous
outputdof data, as the wheel rotates, for all three force directions, which
after processing is free from all noticeable impurities. The place of
measurement is sufficiently close to the wheel/rail contact to avoid the
interposition of an appreciable mass of metal -~ the downfall of force

measurements made in the suspension.
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Development began in 1972 with a design of wheel containing 12 spokes of
uniform cross section. It was stressed out using the Derby developed version
(NEWPAC) of the Finite Element technique. A study of the stress values
obtained enabled the strength of the wheel to be assessed and strain gauge
bridge outputs,.with associated cross sensitivities and variations due to
contact position, computed for a variety of configurations. Bridges of the
type used on a Weber design of wheelset were amongst those investigated and
good agreement was obtained with data obtained from an actual wheelset on the

calibration rig.

This use of computer stressing techniques resulted in the elimination of a lot
of experimental effort. It led to improved vertical and lateral bridge
circuits and a proposal for a 1ohgitudina1 bridge. A later, more refined,
version of the wheel is illustrated by the model and stress levels depicted

in Fig 2.

LONGITUDINAL FORCE BRIDGE

Of the three strain gauge bridges the simplest one to understand and use is the
longitudinal. It has a pure and steady output and also gives the highest

sensitivity in terms of electrical output for a given force input.

Free-running wheelsets produce longitudinal (steering) forces at the rails.
These are creep forces, until slippage occurs, and arise from the difference
in rolling circumferences not matching the exact lengths:of rails covered by
them. If we neglect rolling resistance and inertia effects, the longitudinal
forces at the two wheels should be exactly equal and opposite in sign. Now a
longitudinal force at the rail contact can be considered to comprise a
horizontal force at the axle height plus a wheel rotating couple - all in the
same plane. This strain gauge bridge has been designed to be sensitive ohly
to the couple component. This it does by picking up the rotary bending

stresses at the hub ends of the spokes.

Twenty four gauges on the twelve spokes are wired in bridge form giving 6
gauges per arm and a bridge resistance of 720 ohms. All other forces, wherever
applied on the tread of the wheel, are either not picked up or cancel out
without the bridge. Centrifugal forces and uniform thermal stresses are also

balanced out by the bridge design.
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The output of this bridge, illustrated by Fig 3, is taken from a recent
calibration for a lightly loaded rapid transit application. The sensitivity
will increase slightly, 0.48% per mm, as the rail contact point climbs up the
flange but vertical and lateral cross sensitivities were too small to
represent along the abscissa. A mean effective strain value of 3.87
microstrain per kN is present which compares closely with the Finite Element

analysis prediction of 3.90.

LATERAL FORCE BRIDGE

In attempting to measure the bending moment in a spoke produced by a lateral
force it is necessary to eliminate that arising from a vertical force when
applied at a tread position not directly below the spoke centre line. To
overcome this interference the two bending moment principle is used, see
Fig 4, in which two measuring positions are used and the difference in

outputs taken,

r"‘/\\/-—’“\/-_/"\\-/“j

gauges at )
inner radius

FIG. 4 3 A

LATERAL FORCE
BRIDGE - TWO |
MOMENT
PRINCIPAL. Q gauges at

outer radius
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VERTICAL FORCE
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A pair of gauges attached to front and rear faces of a spoke at a radius near
to the rim (position A on diagram) are wired up to measure the bending moment

comprising:-

Lateral force x distance X, + Vertical force x distance y

A similar pair of gauges near the hub (position B) measures

Lateral force x distance x2 + Vertical force x distance y

The difference between these two outputs gives

Lateral force x distance (x2 - Xl)

With spokes made perpendicular to the axle the effect of the offset vertical
force cancels out and obviously the greater the distance x2 - %y the greater
the sensitivity to lateral forces. This measurement is unaffected by the
application point on the tread even if it rides high up on to the flange. It
is important that the two positions (A and B) for the pairs of gauges have the

same section modulii and this is best achieved by making the cross sections of

the spokes of the same shape and area, i.e. by using parallel spokes.

This method of gauging a spoke, when repeated on the other spokes and wired to
form a bridge, gives a steady output over the whole revolution of the wheel and
is unaffected by centrifugal force and uniform thermal stresses. It is
virtually free from cross sensitivities and gives an output of 1.02 microstrain
/KN : this compares with 0.99 predicted by the theoretical analysis. The
results from a recent calibration are given in Fig 5 and as with the-
longitudinal results it was not possible to draw in the cross sensitivities

other than by a straight line along the abscissa.

VERTICAL FORCE BRIDGE

Appreciable compressive stress occurs only in the spoke at the lowest position
in the wheel. For 80% of the rotation of the wheel the stress in a spoke is
low and tensile, see Fig 6. Alternative positions of the vertical force,
offset from the spoke centre line, can exaggerate or reverse this |
characteristic. However,if the stress on the other side of the spoke is added
this positional effect almost disappears but the problem remains of how to

amplify the effect of the compressive stress by incorporation into a strain
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gauge bridge.

All pairs of gauges, from the several spokes, added in a bridge and opposed by
non-active gauges would give almost nil output and would be highly sensitive
to radial stresses induced by centrifugal force or temperature difference
between hub and rim. The solution adopted is to sum the outputs from pairs of
gauges in one half of the wheel (i.e. 6 adjacent spokes) and to oppose that
with the outputs from the remainder.. This unfortunately gives a reversing
signal oufput, approaching a square wave, but it does eliminate centrifugal

and major thermal effects.

There are two possible dispositions of the gauges for this bridge:-

a) On the front and rear faces of the spokes (as Fig 6) but at a radial
position determined theoretically to give minimum cross sensitivity to
lateral force; the gauges being on the neutral axis as far as the torque

component of the longitudinal force is concerned.

b) Either side of the spoke, on the neutral axis with respect to lateral force
and at a radial distance where the stresses from longitudinal torque,
although cancelling themselves out within the bridge, are very small

anyway .

The latter is to be preferred and does have the added advantage of keeping the
gauges in one plane - unlike the lateral bridge already described which has

gauges on front and rear faces of the wheel.

The signal output from a recent calibration, see Fig 7, shows the reversing
nature of the vertical load output. It is substantially constant for major
portions of a revolution of the wheel but its sensitivity is very low, being
some 0.2 microstrain per kN at the reference point indicated. The waisting
of the spokes in the region of these gauges Gee Fig 2 has given a 30% boost
in sensitivity. A 10 mm offset of the vertical load from the central tread

position will vary this sensitivity by 0.3% and this is neglected.

If the wheelset is suspended in the air and rotated, a very small reversing
output, associated with the mass of a portion of the rim, is obtained
amounting to about ht 1 kN. It has no centrifugal effect but becausé it

exists datums are set with the wheel rotated until point B is lowest.
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A small cross sensitivity to lateral force is apparent and was predicted when
the bridge was designed. This could normally be neglected but since interest
has centred more recently on extreme lateral load situations its effect has

become noticeable and ‘it is now normal practice to correct for it.

It has already been stated that the torque component of a longitudinal force
is balanced out in this bridge. However the force component, at axle height
and 90o out of phase with a vertical load, is not so easily eliminated. There
are times when it is zero, but it is worst when the vertical sensitivity is
reversing and this gives rise to difficulties in correcting an impure raw
output. Although 90o out of phase with the vertical sensitivity its form is

somewhat modified by the different strain pattern in the spokes.

It should be noted that Fig 7 is based on unit forces but in service the
magnitude of the longitudinal and lateral forces would normally be a mere
fraction of the vertical force. The output and cross sensitivities of this
vertical bridge are, nevertheless, far from ideal but the reversing nature

of the main output does mean that the average value over one steady cycle

(or Several cycles if dynamic signals are present) should be zero. This

fact has enabled datum drift to be monitored on test runs, by taking running
averages, and in conjunction with temperature gauges on the wheel enabled the
axlebox heat source to be identified as the cause of another form of

thermally induced drift.

WHEEL MANUFACTURE

Repeated references to the Finite Element Analysis will have illustrated its
great value in the design ofi the wheel and in the computation of outputs and
cross sensitivities of the various bridge designs. Gauge positions are
always chosen theoretically and applied without any back up experimental work.

No subsequent adjustment of locations is ever made to modify a bridge output.

The wheels themselves are specially forged, and the 12 spokes formed to an
accuracy of z 0.3 mm by drilling and milling out the intervening segments.
They are mounted on axles with communicating holes fqr lead wires drilled

through the axle ends and wheel bosses. After cleaning and local grinding,

gauge positions are accurately marked out and strain gauges with integral
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solder tags stuck down with an adhesive of the elevated temperature cure type.
Great care is exercised in the selection of gauges, the control of bonding and
accuraéy of positioning. After replacement of badly positioned or spoilt

gauges and curing at 5500, ail gauges are checked against allowable resistance

tolerance and for insulation resistance.

The wiring of the bridges is carefully and neatly executed to ensure that
identical lengths of wire in each arm of a bridge lie in similar temperature
zones on the wheel. A protective but transparent insulation coating is
applied to the gauges, the wire being secured with blobs of Evostick and two
coast of polyester resin. Resistance to earth of a completed bridge is
expected to exceed 20 G ohms in the laboratory even when an earthed damp swab
is applied in turn to each strain-gauge terminal. Additional coating is
applied until this figure is achieved - the main obstacle to reaching this
standard arises from the quality of the soldering. The bridges are completely
formed on the wheel itself and terminate in solder tags on the hub with the
gauges, soldered joints and wires all left visible and accessible for

subsequent fault tracing, see Fig 8 - now a very rare requirement.

Despite all the precautions taken to eliminate sources of drift there usually
remains in the system a component which has been shown to be temperature
dependant. It is likely to arise in a multigauge bridge where the gauges are
widely distributed and liable to experience different temperatures or
temperature induced distortions. A laboratory method has been developed-to
reproduce heat flow into the wheel and to balance out this drift by
temperature compensation applied to each bridge circuit. This consists of
adjustable resistors which are temperature sensitive (ladder resistors) fixed,
one on the hub and one on the rim, and trimmed equally to give a temperature
difference compensation to oppose the heat flow effect from the axlebox. The
lateral bridge, since it has gauges in two planes (i.e. front and rear faces
of spokes), requires additional compensation by ladder resistors on either

side of the hub.

The two faces of the wheel are enclosed by sheet aluminium, lined inside with
expanded polystyrene, to protect against mechanical damage, radiated heat

from axleboxes and brake discs, rain, etc.
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LABORATORY COACH

The output leads from the three bridges and a common input pair to and from
the soldered joints on the hub pass through the axle to the 8-way slip rings.
These are of proprietary manufacture with silver graphite bushes running on
electro deposited silver rings. They are surrounded by a sealed drum, kept
dry with a desiccator and warmed with a small electric heater to avoid
condensation - experience having shown the sensitivity of this location to

moisture.

From the slip rings the signals are taken to a laboratory coach in special
screened cables with no intervening cable connectors. Calibration resistors
inside a special unit adjacent to the amplifier equipment is located>in the
.coach, i.e. at the instrumentation end of the cables and not in the more

usual position adjacent to the bridges.

The nature of the wiring on the wheel makes the bridge outputs susceptible to
magnetic field influences and this is overcome by using a.c. carrier wave
excitation. Proprietary equipment supplies 5 kHz a.c. and 10 V r.m.s, and
the returning signals are demodulated and amplified before recording. This
equipment is very stable and incorporates an ability to balance automatically
any capaciyance changes in the system, due for example to cable shake, which .

would show up as noise superimposed on the output signals.

N

The reliability of the system has been proved over several years and it is
unusual to lose information on any channel during a days testing. The main
sources of trouble remaining are moisture on bridges or slip rings and
broken wires between them. A resistance to earth of the three bridges from
the cable end of 3 G ohms is expected. If it drops to mere Megohms (cf.
calibration resistors of about 1 M ohm) zero shifts will occur due to bridge
imbalance. It is hoped that the latest arrangement of slip ring, see Fig 9,

will overcome problems here.

The drift problem has been gradually conquered until we expect no channel to
drift more than 10 mV (= 1% full scale) after 2 hours test running. Some
wheels are better than this, and it is apparent that the best results are
obtained when the gauging and wiring is executed with great care and no

occasion arises, such as physical damage, to require a patchwork repair.
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CALIBRATION RIG

A calibration rig is an essential item in the-development and use of load
measuring wheels., Since it is required to apply realistic forces in all three
directions at a variety of tread positions it was soon realised that this
could not be accommodated on a rotating machine. The design arrived at, see
Fig 10, applies vertical loads through pivoted beams to sﬁall pads,
representing the rails, positioned under the wheels. The immediate effect of
the load is to bend the axle slightly and draw the rail pads towards one
another. To prevent a consequent lateral force if this tendency is restrained
it is necessary to mount the pressure pads on linear bearings to allow free
movement in the axial direction. A longitudinal force can be superimposed by
another jack pushing on the pressure pad beneath one wheel. This force is
limited by the friction between pad and wheel deriving from the vertical load,
and the longitudinal force must be reacted by the pressure pad at the other
wheel. Relative angular movements thus occasioned call for further linear
bearings under the pads, this time at right angles to those previously

mentioned. Thus the rail pads are fully floating in the horizontal plane.

Equal lateral forces applied at the wheels may similarly be superimposed on the
vertical loads but it is preferable to apply these in isolation to the edge of
the wheel rims. Considerable care in setting up and operating the rig is
necessary if the results are not to be spoiled by stray trapped in forces. The
procedure is to apply loads hydraulically at the press of a button but the
wheel is indexed round by hand to each of 36 positions accurately indicated by
a photo-~electric cell and slotted disc. Results are punched onto tape through
a data logger and subsequently processed by a digital computer in tabular and

graphical form.

PRACTICAL APPLICATIONS

The early use of these load measuring wheels was mainly concerned with a study
of vehicle behaviour on curves from which a comprehensive non-linear theory of
curving was built up. An example of the records obtained has been given by the
author in an article entitled "Improved Data from Load-Measuring Wheels"
(Railway Engineer Vol 2 No 4 July/August 1977). Other uses have concerned
stability tests on various vehicles to 125 mile/h, negotiation of points and

crossings and an application in a special vehicle.for a variety of purposes to
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be described later in this paper. Recently they have been associated with rail
side wear tests on the Iron-bridge branch which is sharply curved and
negotiated by merry-go-round coal trains. For this purpose they were fitted

to an experimental 4 wheeled vehicle, with, of course, flange/rail displacement
and angle of attack measuring apparatus. An example of force record obtained
from the leading wheelset with the linear wheel to rail measurements is
reproduced in Fig 11. The speed was 13 mile/h and data for the trailing

wheelset was also obtained but is not reproduced here.

The cramped time scale has the effect of tfansforming the raw vertical signals
into a dark band limited by the steady sensitivity portions of the output,
with occasional pronounced dynamic excursions (mainly rail joint impacts). A
visual indication of the quasi-static vertical loads on the wheelset is given
by the width of this band and reflects the overturning loads due to unbalanced
centrifugal forces. The longitudinal forces are mirror images of one another
but added together they give a small net force which is a measure of the

rolling resistance of the wheelset.

The lateral traces show tread forces and these will become flange forces when
flange contact occurs. The tyre profile used on these tests, as in all LMW
testing, is a carefully turned representation of a worn shape and does not
produce two point contact except for large angles of attack. When this does
occur the lateral force measured (and vertical and longitudinal similarly) is
the sum of those contained in the triaxial forces present at each contact

point.

It is possible, by summing the moments of all the plan forces on the vehicle
(i.e. lateral and longitudinal), to arrive at a small net couple which can be

equated to the couple on the vehicle deriving from the traction forces.

MICRO PROCESSOR

The raw vertical signal, as displayed in Fig 11, is of limited direct value and
a processing system has been developed to unravel it from its impurities and

varying sensitivity. The system has been designed to log, process, and display/
record the triaxial forces and a derivative from them in real time for vehicle

speeds from 1 to 125 mile/h.
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Previous experience with off line reconstruction established that a digitising
rate exceeding 100 per half wheel rev. was necessary to provide a good quality
reconstructed signal. To cope with the high data rates a very fast 16-bit
processor was needed and the Plessey 16-AS microcomputer system was chosen as

being the fastest compact system commercially available.

The three force inputs from the a.c. carrier wave amplifiers are sampled at a
rate appropriate to the wheel speed and this rises in steps to 4 kHz for the
maximum speed. Sample rates vary from 160 to 320 per half wheel rev. within
each step and the digitising is performed to 12 bit precision,for subsequent

processing.

The difficulty in the process is to find the relationship of the data to the
angular rotation of the wheel without resorting to unreliable and inaccurate
positioning signals - optically, magnetically or otherwise. - This is necessary
so that calibration shapes can be accurately phased in. Rotatiohal position
is determined by detecting where the raw vertical signal changes from + to -
values and vice versa. However, the longitudinal correction when now applied
causes these crossover points to shift and hence the process of detection and
correction has to be repeated. The lateral impurity is then removed and
finally tﬁe purified signal is compared with the vertical calibration shape to
produce a steady sensitivity signal that is readily understood. The derived
derailment ratio is obtained by dividing the lateral force by the reconstructed

vertical.

The processed data in analogue form is output to a suitable chart or tape
recorder and comprisés reconstructed vertical force signal, longitudinal and
lateral force signals, the derailment quotient and site identification marks
triggered either manually, from track magnets or from specially laid

reflector boards. All these signals are kept in correct phase relationship
and delayed by the time required to reconstruct and output the vertical signal.
This delay amounts to about 80 ms at 100 mile/h. The microcomputer may be

employed off line using raw signals from magnetic tape.

The unit fits into a 19 inch rack and contains a separate processor dedicated
to each wheel of one wheelset. There is 8k programme memory (populated to 4k),

4k data memory and 2k non volatile (battery backup) memory in each processor.
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Calibration coefficients and shape values are loaded into the non-volatile
CMOS memory from binary tape and retained through possible power failure

situations during testing periods.

DECAPOD

An important application of a load measuring wheeiset is in a vehicle known as
"Decapod". A standard freight vehicle chassis has been raised about 400 mm
above its bogies to accommodate a load measuring wheelset slung under the
centre, see Fig 12, The wheelset can be loaded vertically and laterally by
hydraulic cylinders controlled from a power pack located in the cabin above.
Traction rods can impose an angle of yaw on the wheelset and loads from
individual wheels are recorded and, if required, processed by the microcomputer

on board.

The vehicle has mainly been used in track strength measurements where the
resistance to lateral shift has been determined by repeated runs under given
wheelset loadings but it can be used for a §ariety of projects ranging from
rail overturning, flange climbing and rail corrugation investigations to

measurement of creep forces and coefficients.

It has recently concluded an extensive series of tests involving 411 flange
climbing derailments at speeds up to 45 mile/h under a range of loads and
angles of attack. For these tests it was also equipped to measure angle of
attack and wheel 1ift. The procedure was to run along a given section of
track (slab track actually) with increasing lateral loads until derailment
consistently occurred. On wheel 1ift of the flange climbing wheel reaching
12 mm the hydraulic jack loads were automatically jettisoned and lifting was
initiated of the wheelset to its retracted position 150 mm clear above the

track.

Fig 13 shows one of the records obtained and includes the derailment quotient
of forces at the derailing wheel. Forces at the other wheel, which frequently
contribute to the lateral derailing force, are not reproduced heré. The
extract from the chart record is for a derailment at 40 mile/h with an angle
of attack set nominally at 15 milli rad. After an imposed lateral load of

85 kN had been applied the vertical wheel loads became equal at 50 kN and the

wheelset ran for a distance of about 36 m before derailment occurred. The
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microcomputer processed channels, normally slightly delayed, have been

repositioned to phase in correctly with the rest of the data.

Severe wear of the flange occurred especially at excessively large angles of
attack (max 25 milli radians) and even more modest angles in conjunction with
the higher speeds resulted in generation of high temperatures on the flange
face. This gave rise to severe drift on the lateral force channel (up to

8 kN) but the new datum was immediately available the moment after derailment
due to the unloading and free spinning of the wheel. The analysis of the
results is.proceeding but it was interesting to observe, amongst other things,

that the lateral force required to derail actually rose with increasing speed.

FUTURE DEVELOPMENTS

The overall accuracy of force measurement by this device is considered to be
highly satisfactory and probably lies between 1 and 2% for all force
directions. It is difficult to find a precise yardstick against which it can
be assessed but certainly calibrations are repeatable to remarkably close
limits and linearity has been shown to be very good. On site comparisons with
track based measurements have shown good agreement but this is not an absolute

test.

Nevertheless when it comes to the recording of high impact loads, such as occur
at bad rail joints, there is some uncertainty because these values can far
exceed the static calibration in the laboratory. Credible time histories of
impacts have been obtained showing rail end impact and subsequent bounce,
followed by the lower and more prolonged suspension response which is more
damaging to the track foundation. It is not the practice to filter the
vertical force signals, leaving them with the frequency response of the carrier
wave equipment, which is 3 dB down at 1600 Hz. With the laterals and
longitudinals, however, it is usual to filter to 100 Hz, or less, to visually

clarify the recorded signals but this must not be done before précessing.

A theoretical frequency analysis of the LMW has been carried out and this
indicated its basic similarity to a disc wheelset which it also matches in
mass and stiffness. It is the hope that a dynamic rig will be designed and

mnade to investigate these points further.
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The reliability of the device usually well exceeds that of '"run of the mill"
iﬂstrumentation often called upon to provide supplementary information and
freedom from drift is better than usual standards. However the author thinks
there is still a final improvement to be made in the latter by some re-
routing of the bridge wiring on the wheel but this is unfortunately a slow

development process.
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DISCUSSION

Mr. Tong (TSC): After reprofiling the wheel, how do you ensure the
accuracy of the measurements?

Mr. Pocklington: We will really recalibrate it. We will not alter the

strain gage positions. They are fixed for all time and we will not alter
those.

Mr. Tong: Could that change your sensitivity in terms of crosstalk and
- so on?

Mr. Pocklington, Yes, yes, it will slightly, but the data will be obtained
and fed into the microprocessor and it will work from that new data and give
us the pure output.

.Mr. Caldwell (CN): I have two questions I'd like to put to you. One is
your reason for choosing 12 spokes. Was it a structural constraint or was it
to reduce signal ripple?

Mr. Pocklington: It was a structural requirement. You could hardly
get away with less than 12 spokes. You're constrained to using either four
or eight or twelve or sixteen. We've got 96 gages on the wheel with 12
spokes. If you can possibly go into 16, you would be well advised to do so.

Mr. Caldwell: The other question relates to the a.c. carrier system
that you're using for bridge excitations. I noticed that it can be used on
a powered axle and wonder whether you have high amenity to electromagnetic
induction, and secondly, the choice of a.c. from the point of view of
thermal e.m.s. soldering joints.

Mr. Pocklington: The a.c. carrier wave equipment is chosen, of course,
to avoid magnetic interference. We have dabbled with d.c. excitation and
its a lot of rubbish. Not only the track maintenance but the earth magnetic
field and all sorts of things are picked up by the wiring at the bridge
which makes a.c. carrier wave excitation absolutely essential. You made
another point, I believe.

Mr. Caldwell: Also the affects of thermal e.m.s. at the soldered
junction in the wiring system.

Mr. Picklington: I believe those to be common to either d.c. or a.c.
excitation. We don't use a.c. carrier wave equipment because it's any
better in that respect.

Mr. Greif (Tufts): I noticed on your charts that you have a measure-
ment of lateral rail displacement. Can you comment on how that was done?

Mr. Pocklington: Well, it's a mechanical éystem, a little wheel at the
end of an arm with a sloping surface which represents the slope of the side
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of the flange. That wheel contacts the rail and whatever shape the edge of
the rail happens to be and runs against it. We have two, one fore and aft
the wheel in question, and the signals between them if we take the mean of:
the two, that gives us the flange to rail displacement. 1If we take the
difference and divide it by the distance apart, that gives us the angle of
attack., The distance apart does have filtering affect on the angle of
attack but this is unavoidable. 1It's not an instantaneous value of the

. angle of attack., We could bring them in closer in the future and I would
like to do that. They are pneumatically operated. We lower them down and
then impose the small lateral force on them to bring them in contact with
the rail, and we come across points in crossing, we take them away from
the rail and up in the air so that they don't run through the crossing in
the wrong direction and get mangled up.
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Development of instrumented locamotive wheelsets using strain gages applied to the wheel plates has led to the
present generation of wheelsets and electronics which provide measurement of dynamic wheel-rail interaction in

terms of continuous lateral loads (L), continmuous vertical loads (V), axle torques, and I/V ratios for individual
The development work leading to this measurement capability is reviewed, and
the use of instrumented wheelsets in research programs is sumarized.

wheels and cambinations of wheels.

Data analysis techniques, including the

use of specific time duration response descriptors, are discussed.

INTRODUCTION

Modern railroads have been working toward more
efficient operations year by year. The economics of
rapid and safe transit of bulk camodities have led
to the use of unit trains, more powerful locamctives,
and higher operating speeds. These changes in opera-
tion have made increased demands on the track struc-
ture which must absorb part of the dynamic energy of
passing trains. : )

The question inevitably raised is: "What 4is
the strength of the track stwucture and how does it
compare to the steady state and dynamic Loads genen-
ated by present and proposed nailway vehicles?"

This question is certainly not a new one, but
one that has been resolved through each stage-of
railway development. This paper addresses the lat-.
ter half of the question regarding wheel-rail inter-
action and how these loads can be experimentally
measured.

A number of techniques have been used by re-
searchers to measure the loads generated between the
wheels of railway vehicles and the rails of the
track structure. These methods generally fall into
two categories: ({1} Load measurements made on the
track at a specific site, termed wayside measure-
ments, and (2) The measurement of Loads directly
grom the wheel, temmed on-board measurements.

Each of these techniques has certain advan-
tages. Wayside measurements utilize the rails as
load transducers. This method provides samples of
the wheel-rail loads generated by each wheel of the
passing vehicles at specific points in the track.
Thus, the wayside measurements can provide a good
camposite of the responses of a number of different
vehicles.
can be difficult because of uncertainties regarding
the camparability of the dynamic vehicle behaviors at
the points of measurement of the wheel-rail loads.

The on-board measurements of wheel-rail loads
are obtained by using the wheels of the vehicles as
load measuring transducers. The use of such wheels
provides the ability for the analysis of the wheel
load responses of the vehicle over many miles of
track and increases the exposure to various track
corditions and train operating conditions. However,
the information is obtained only for the axle loca-
tions of the vehicles which are equipped with instru-
mented wheelsets.

In recent years, same of the tests that have
been conducted have utilized both wayside and instru-

However, direct camparison of the responses

mented wheelset measurements to camplement one an-
other, This paper summarizes the development and use
of instrumented wheelsets at Electro-Motive Division
of General Motors Corporation (EMD).

WHEELSET DEVELOPMENT

EMD has pursued the development of a wheelset
transducer with the capability of providing a contin-
uous measurement of lateral and vertical wheel loads.
Such a wheelset has now been designed, constructed,
ard successfully used in field testing. Following is
a chronological summary of the development work lead-

ing up to the present generation instrumented wheclset.

First Generation Wheelset - 1962-1972 (Figure 1)

The first instrumented wheelset constructed by
EMD provided a lateral load signal proportional to
the average strain in the wheel plate.

LATERAL WHEEL LOAD
_’_/w
'g Measured
o
-t
Distance
VERTICAL WHEEL LOAD
v
g Actual
i
Measured

Distance

Fig. 1 First generation wheelset output
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generated by applying strain gages to the wheel plate Vertical load measurements were provided by

at specific locations determined by testing, then con- placing strain gages in two holes drilled through
necting their outputs in a Wheatstone bridge circuit the wheel plate so that two pulses proportional to
such that a continuous signal was generated that was the vertical wheel load were generated per revolu-
relatively insensitive to wheel rotation. The verti- tion.

cal wheel load was determined by mounting strain
gages in a hole drilled through the wheel plate. This

arrangement provided a spike signal proportional to Third Generation Wheelset - 1976 (Figure 3)
the vertical wheel load once per revolution. This
wheelset design was described in 1965 in a paper by Two additional holes and gages were added to
Koci and Marta [1]. the existing wheelset so that four vertical load
pulses were provided per revolution at 90 degree in-
Second Generation Wheelset — 1973-1975 (Figure 2 tervals. The first attempt at generating a continu-
o L =S (Figure 2) ous vertical wheel load signal was made by using elec-
Use of the first wheelset in locamotive testing .  t¥onic instrumentation to hold the peak pulse output
had indicated an undesirable sensitivity of the lat-— until the next peak was generated, 90 degrees of wheel
eral load sensing gages to thermal strains and tor- rotation later. This technique was fourd to be ade-
sional and centrifugal effects. These problems quate for analysis of relatively long time duration
prompted EMD to develop a bridge circuit for the lat- load responses.

eral load gages that would minimize by cancellation
the influence of any symmetrically distributed
strains in the wheel plate. LATERAL WHEEL LOAD
The new bridge circuit was also designed such
that, in conjunction with properly located gages,

its output to a laterally applied wheel load was a
sine waveform as the wheel rotated through 360 de- _____/\_j\_/ic_t_u\a_l
grees. Placement of a similar bridge 90 degrees out

of phase yielded a cosine waveform during wheel ro-

tation. This arrangement provided for a much im- 2 Measured
proved lateral load measurement capability and pro- o)
vided the fourdation for the development of a con- |
tinuous lateral load measuring capability.
Further improvements were made in lateral wheel
position sensitivity by a wheel survey and accurate
gage location. -
Distance
VERTICAL WHEEL LOAD
LATERAL WHEEL LOAD
"Actual Q
W <
o o
< Measured -
(o]
-d
Distance
Distance Fig. 3 Third generation wheelset output
VERTICAL WHEEL LOAD
Fourth Generation Wheelset - 1977-1979 (Figure 4)
This wheelset was constructed with the goal of
o providing both a continuous lateral load and a con-
< tinuous vertical load measuring capability. A number
o] of methods were evaluated before it was concluded that
- the concept of sine and cosine bridge outputs could
be utilized for both lateral and vertical loads. Two
M sured wheelsets of this type were constructed and found to
ea be virtually insensitive to lateral-vertical load

crosstalk, thermal strains, centrifugal and torsional
Distance effects and lateral wheel orientation on the rail.
: The design and construction of this instrumented wheel-
set was described in 1979 in a paper by Modransky,
Fig. 2 Secord generation wheelset output Donnelly, Novak and Smith [2].
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Fig. 4 Fourth generation wheelset output

WHEELSET DESIGN, INSTRUMENTATION AND CALIBRATICN

The design of instrumented wheelsets requires
sane background information regarding their intended
use. - This includes the types of tests to be run,
vehicle types and special problems, e.d., electric
locamotives, environment, and space limitations for
support equipment.

A continuous load measuring wheel can be de-
veloped fram almost any continucus strain gage
bridge output. For example, if a cawputer is avail-
able for support, proper scale factors determined
by calibration could be applied to the output at
each stage of the wheel's rotation to develop a con-
tinuous signal. Such a wheel would also require a
rotation position indicating device so that the pro~
per scale factor would be applied at the proper
time. The 'digitized' continuous output is only as
accurate as the number of calibration/scale factor
points, and the more calibrated points, the higher
the accuracy. (Figure 5)
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Fig. 5 Use of a continuous scale factor

Continuous outputs can also be generated by
using a carnbination of gage outputs with same scale
factors. For example, rectified triangular-shaped
waves out of phase with each other need only be
added together to form a continuous signal. In
practice, however, it is difficult to form the peak
of the triangle, thus the continucus output will
have a ripple. Computer 'smoothing' by using
appropriate scale factors would be used in this
case only in the areas of the peaks. (Figure 6)
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Fig. 6 Use of a partial scale factor

The least amount of signal conditioning sup-
port is required for signals whose cambination pro-
vides the desired continuous output. This is the
case for sine and cosine waves which may be squared,
sumed and then whose square root is the absolute
value of the continuously applied load. This is the
approach taken by EMD in recent years. (Figure 7)
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Fig. 7 Continuous wheelset output

Wheel Survey

In the construction of an instrumented wheelset,
care must be taken so that the gage locations select-
ed ard the wiring of these gages into a bridge con-
figuration provides the desired sine/cosine output
while still providing insensitivity to lateral ard
vertical crosstalk, thermal strains, centrifugal and
torsional effects and wheel orientation on the rail.
In addition, the gage locations should be chosen so
that the bridge output level is large enough to be
easily handled by the signal processing equipment
and is not masked by other electrical 'noise'.
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Mathematical analyses can be used to identify
certain areas of the wheel suitable for gage loca-
tion. However, the final locations of the gages
are best selected by performing a survey of the
wheel using strain gages to sample the strain dis-
tribution in the wheel plate.

The influence of an applied lateral load on the
output of the vertical load measuring bridge is re-
ferred to as crosstalk. Similarly, the lateral
load measuring bridge may be sensitive to applied
vertical loads. These effects can be minimized by
careful selection of the gage locations and proper
bridge configuration. These effects can be further
reduced by selecting gages fram the same production
lot and of the same scale factor. '

Strain Gage Bridge Configuration

With the results of the wheel survey, a bridge
configuration for the wiring of the strain gages can
be designed to provide the desired output signal.
Development work at EMD has indicated that when the
strain gages are wired into a bridge designed to pro-
duce a sinusoidal output, the influence of any sym-
metrically distributed strains in the wheel plate
can be minimized by cancellation within the bridge.
Any undesired strains that cannot be eliminated by
bridge cancellation techniques will have to be elim-
inated or minimized by gage orientation.

For the fourth generation wheelsets used by EMD,
the lateral load sensing bridges are camposed of 8
gages mounted 45 degrees apart on the wheel. Two
sets of gages are applied to each wheel and wired
90 degrees out of phase with one another. .As the
wheel rotates with a lateral load applied, one com—
plete sine and one camplete cosine wave is generated
for each wheel revolution as shown in Figure 8.
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Fig. 8 Lateral SIN and COS bridge outputs and
continuous lateral signal for 30,000-1b. lateral load.

The vertical load sensing bridges used with this
vwheelset are camposed of 6 strain gages located 60 de-
grees apart on the wheel. A secord set of 6 gages is
also mounted to the wheel but circumferentially shift-
ed by 30 degrees. Each bridge provides 3 complete
sinusoidal waveforms, but 90 degrees out of phase with
each other for each wheel revolution. Figure 9 de—~
picts the vertical sine and cosine bridge outputs for
one wheel revolution and the influence of an applied
lateral load.
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Fig. 9 Vertical SIN and COS bridge outputs and con-
tinuous vertical signal for 30,000-1b. vertical load
and 20,000-1b. lateral load

Wheel/Axle Preparation

The degree of success that can be achieved in
providing a continuous signal with minimm crosstalk
and error deperds primarily on the geametric symmetry
of the wheel. This includes uniform cross section
through the wheel plate and fillet radii at the rim
and hub., The wheels to be instrumented should be care-
fully selected and then machined to assure uniformity.
The sensitivity may be maximized by machining the
plate thickness to the minimum allowed by the Associa-
tion of American Railroads (AAR).

It is generally most convenient to route the
wires from the gages to slip rings mounted at the axle
ends. Any drilling of holes required in either the
wheel hub or axle should be done before assembling the
wheel to the axle, making sure to break all sharp cor-
ners.

Strain Gage Application

Extreme care must be exercised during the orien-
tation and placement of the gages so that symmetry
of all gages is maintained. The enviromment in which
a wheel operates requires that all gages and wiring
be well protected from moisture and mechanical dam-
age and that the materials themselves are durable and
suitable for use through numerocus thermal cycles.
A detailed description of the construction tech-
niques for an instrumented wheelset is in Reference
[21.

Calibration .

It is generally necessary to construct a load-
ing fixture that may be used to apply loads to the
wheelset during the survey process and for calibra-
tion. Due to the sensitivity of the wheelset to
lateral position on the rails, track gauge widening
should be built into the fixture. EMD uses gage
widening of 1-1/4 in., which represents the maximm
allowed by the Federal Railroad Administration (FRA)
for Class 3 track.

The influence of friction on the lateral cali-
bration may be minimized by allowing the non-flang-
ing wheel to float slightly off the rail while ad-
justing the loading jacks to maintain a constant
vertical load on the flanging wheel.

During the calibration procedure, it is nec-
essary to note the sensitivity of the wheelset to
the undesirable effects of crosstalk and lateral
positioning. For the fourth generation wheelsets
constructed by EMD, the following crosstalk errors
were recorded:



-Sensitivity of lateral load to applied vertical
load +5%

-Sensitivity of vertical load due to lateral
position 7

—Sensitivity of vertical load due to applied
lateral load 15%

Further, the wheelsets were found to be virtual-
ly insensitive to thermal strains and centrifugal and
torsional loading throughout the operating range in
which they were utilized.

Signal Conditioning

Design of the signal conditioning and support
electronics for instrumented wheelsets should pro-
vide the following functions:

-Excitation, balance, and remote shunt calibration
of the bridges on each wheel

-Amplification of the bridge outputs

~Cambination of the appropriate sine and cosine sig-
nals to develop the continuous wheel load signal

-Manipulation of the wheel signals to provide LNV
ratios (lateral load divided by vertical load),
total axle lateral loads, total truck lateral loads,
etc.

The wheelsets described in Reference [2] were
equipped with preamplifiers between the vertical
load measuring bridges and the slip rings due to a
relatively low vertical bridge output. These pre-
anplifiers provided a gain of 20 times the bridge
output and assist in minimizing the effect of noise
on the vertical signal introduced by the slip rings.

The electronic circuits utilized for the BMD
wheelsets are arranged on printed circuit cards that
are housed in a modular chassis in order to keep the
physical size of the system as compact as possible,
This also provides for relative portability of the
system such that the entire package could be placed
in the cab of a locamotive for short duration tests
if necessary. :

Figure 10 depicts a sample of field data re—
corded fram the wheelsets which shows the vertical
sine and cosine outputs and the resulting electronical-
ly caomputed continuous vertical load.
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—={ 186C |

VERTICAL WHEEL
LOAD [1000 LBS.]

Fig. 10 Example fram field data of vertical SIN and
COS bridge outputs and continuous vertical load signal
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USE OF INSTRUMENTED WHEELSETS

In order to facilitate cost-effective design
and maintenance of railway vehicles and track as
well as a safe and reliable railroad operation, it
is necessary to have an adequate understanding of
the loads which are produced between wheel and rail.
The development of instrumented wheelsets has pro-
vided a major research tool for the railroad industry
and has helped significantly to advance the under-
standing of wheel-rail interaction.

EMD has used instrumented locamotive wheelsets
to investigate wheel-rail interaction in a number of
research and development programs. These programs
have involved full-scale testing of revenue trains and
special train consists on American and Canadian rail-
roads.

Basic Curving Mechanics

In the early 1960s, EMD's first generation in-
strumented wheelset was used to study the basic curve
negotiation mechanics of locomotive trucks. By operat-
ing at balance speed through curves which had minimal
track geometry errors, the steady state lateral curve
negotiation loads were measured. This was done for
2-axle, 3-axle, and 4-axle locamotive trucks. Figure 11
shows the measured steady state net lateral load at
the leading cuter wheel for each of these trucks.
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Fig. 11 Steady state lateral wheel loads with dif-

ferent trucks

This test program provided fundamental data which
showed not only the effect of truck wheelbase and num-
ber of axles on curving loads, but also aided the under-
standing of curve negotiation mechanics. By observing
the truck positions with respect to the rails and then
calculating wheel-rail misalignment angles, it was
possible to derive the approximate nonlinear rela-
tionship between lateral friction and lateral creep
for track with typical contamination and work harden-
ing of the wheel-rail interface. This work was
reported by Koci and Marta in 1965 [1].

Curve Negotiation Model

At the same time that this experimental work
was being carried out, EMD began to develop an ana-
lytical model for studying the steady state curve
negotiation mechanics of locamotive trucks. The
availability of experimental data from instrumented
wheelsets allowed use of real-world friction-creep
data in the model, and it made it possible to check
validation of the model as it was developed.



The early development of the curve negotiation
model was done by Koci and Marta [1]. Further model
development and camputer programming were done by
Swenson and Smith, and this work was published in
1976 in a report of the AAR [3].

Train Operation

In the late 1960s, EMD's first generation wheel-
set was used to help study train handling procedures
and other operating conditions which were thought to
influence the derailment potential of freight trains.
The results of several major tests shed new light on
the influences of locomotive and train braking prac-
tices, the location of empty and long overhang cars in
trains, and the use of sand to increase wheel-rail
friction. This work was summarized in 1971 by Koci
and Marta [4].

Locomotive Adhesion

Instrnumented wheelsets have also played a role
in EMD's research to investigate locamotive and
truck weight shift and wheel-rail interaction during
driving and braking. A series of field tests con-
ducted in the 1970s concentrated on developing funda-.
mental data on the relationship between longitudinal
friction and creep at the wheel-rail interface. This
work was reported in 1980 by Logston and Itami [5].

Dynamic Wheel-Rail Load Characterization

Analytical prediction of dynamic wheel~-rail
loads has been one of the greatest challenges facing
railroad researchers. Significant progress has been
made in developing mathematical models in recent
years. However, the accuracy of model results depends
on knowledge of the track system characteristics, and
adequate data has not been available to describe the
range of track conditions that exist. As a result,
one of the most significant contributions from in-
strumented wheelsets has been the experimental char—
acterization of the dynamic loads between wheel and
rail.

The basic output obtained from instrumented
vwheelsets is generally in the form of time histories
of wheel-rail loads.. This data provides information
on both magnitude and time duration of the locads.

EMD's field tests in the 1960s provided infor-
mation on the magnitude of transient dynamic lateral
loads as well as steady state lateral curving loads.
As noted in 1971, maximum dynamic lateral loads in
curves were measured on 2, 3, ard 4-axle trucks to
be 12,000-15,000 lbs. higher than the steady state
loads [4]. :

Vehicle-Track Interaction

In the mid-1970s, the attention of the railroad
industry was turned to a number of "unexplained" de-
railments of passenger and freight trains. There was
‘a resurgence of field testing programs to investigate
dynamic wheel-rail loads. Until this time, most tests
with instrumented locamctive wheelsets had focussed
primarily on the locamotive wheel loads, i.e., the
vehicle response. New test programs were conducted
which focussed on the track input and response to-—
gether with the vehicle input and response, i.e., the
vehicle~track interaction. EMD participated with vari-
ous railroads and other organizations in a number of
major tests that utilized instrumented locamotive
wheelsets.

In 1976, controlled tests were run with 6-axle
passenger locamotives at track sites which were speci-
fically selected because they generated high dynamic
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lateral loads. These tests, which measured loads

both with an instrumented wheelset and with instrumented
track, were reported in 1976 by Klinke and Swenson [6]
and were later used as a framework for discussing
various aspects of wheel-rail loading (7].

Figure 12 shows the upper bound of the dynamic
lateral loads measured in these tests on a curve of
approximately 2000 ft. radius or 3 degrees. The fig-
ure also shows the steady state lateral loads for
this size curve. It can be seen that with the dyna-
mic camponent, the maximum lateral load was approxi-
mately three times the steady state level.
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Fig. 12 Steady state and dynamic lateral wheel loads

Measurement of the unloaded track geametry at
the test site showed that the track input included
aligment deviations with an average wavelength of
about 100 ft. and a peak-to-peak amplitude of 1.25 in.
superimposed on the curve.

In 1977, EMD's third generation instrumented lo-
camwtive wheelset and EMD's test car were used in two
major test programs which were directed by the AAR and
by the FRA. These programs investigated vehicle-track
interaction associated with 4-axle and 6-axle locamo—
tives and adjacent cars in passenger trains.

In 1978, the fourth generation instrumented wheel-
sets with continuous lateral and vertical load mea-
surement capability were used by EMD to study the per-
formance of prototype 4-axle locamotives with various
suspension systems. Two instrumented wheelsets were
used to provide camplete instrumentation of a 2-axle
truck. The testing on one railroad produced two
examples of the insight that instrumented wheelset data
can provide about wheel-rail interaction:

1. In an area of continuous welded rail and very good
track quality, dynamic lateral loads up to 30,000
lbs., as shown in Figure 13, were measured in a
3 degree curve. Close examination of the time
histories and inspection of the track showed that
the lateral load dropped nearly to zero at a
repair joint in the outer rail and then increased
to its maximum level about 5 ft. beyond the joint.
At 60 mph, this change from zero load to maximum



load occurred in less than 60 milliseconds (msec).
Track geametry measurements suggested that this
lateral load response was caused by high rates of
change of alignment and crosslevel as well as track
stiffness variations associated with the condition
of the repair joint.
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Fig. 13 Maximum dynamic lateral wheel loads.

The instrumented wheelset data also showed that
the vertical load dropped significantly at the
repair joint. However, the vertical locad re-
covered in less than 5 msec at 60 mph, and the
wheel L/V ratio did not exceed about 0.6 in this
test curve because the high lateral load and the
low vertical lcad did not coincide.

2. At a rail switch location on tangent track, it
was observed that the vertical load dropped near-
ly to zero on same test runs. Additional test
runs over this site showed that the continuocus
vertical measurement consistently indicated a zero
to 3000-1b. load in the speed range of 40-60 mph,
as shown in Figure 14. However, the wheel un-
loading was of extremely short time duration and
not of concern fram a safety standpoint.
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Fig. 14 Minimum dynamic vertical wheel loads.

WHEELSET DATA ANALYSIS TECHNIQUES

The two examples described above illustrate the
need for adeguate interpretation of wheel-rail load
data. It is not meaningful to say that the wheel
"unloading” occurred unless the vertical load is des-

cribed in temms of its time duration at various
magnitudes. It is also not meaningful to say that a
lateral load or L/V ratio is "high" unless the re-
sponse is described in terms of time duration or

other appropriate parameters. In_addition, if derail-
ment potential is to be evaluated, the wheel-rail loads
and LNV ratios need to be campared against safety cri-
teria which are expressed in terms of time duration
and other variables which may be found to be relevant.

Response Descriptors

Wheel-rail load responses can be described in
different ways. In the past, when there was limited
data available, the response descriptors often used
were simply the maximum magnitudes of lateral load
and L/V ratio and the maximum and minimm magnitudes
of vertical load. However, the time duration and
energy content of wheel-rail loads can be significantly
different for various types of track perturbations
and vehicle configurations, and the maximum load des-
criptor does not provide an adequate description of
these differences. In addition, this descriptor is
sensitive to data scatter fram electrical noise and
other high frequency inputs.

Another response descriptor which has been used
is the magnitude of the wheel-rail load or L/V ratio
that is exceeded a specified percent of the time in
a selected test zone. For example, the lateral load
that is exceeded 5% of the time is known as Los.

This is a valid descriptor for characterizing
the wheel-rail response for a long test zone such as
that involved in an over-the-road survey. This des-
criptor must be used carefully, however, if it is
applied to short test zones or single pulse responses.
The Lgg level can be sensitive to changes in the
length of short test zones. If it is applied to a
single pulse response, the Lgg level is directly in-
fluenced by the time duration interpreted as the
pulse width.

Other response descriptors could be defined.
For example, average magnitude of a pulse and area
under a pulse have been considered. However, these
descriptors do not appear to be suitable for char-
acterizing wheel-rail loads.

Specific Time Duration Descriptors

For analysis of wheel-rail loads and L/V ratios
obtained with instrumented wheelsets, EMD is pre-
sently using response descriptors which are associated
with specific time durations. For example, the des-
criptor known as Li4q represents the magnitude of
lateral load which is exceeded for a time duration of
40 msec.

Figures 15 and 16 illustrate the application of
specific time duration descriptors to vehicle responses
from two kinds of track perturbations. In each case,
the use of descriptors L., (or Lyg), Lt20, Lt4o-
Lt100. and Lijoq is illustrated.

Figure 15a could represent the lateral load
associated with the relatively high frequency, tran-
sient response of a rail vehicle's unsprung mass to
a "short" wavelength track input. This type of re- e
sponse commonly occurs on track with jointed rails.

In this case, it can be seen that Li,g, for example,
is much lower than Ly...

Figure 1l6a could represent the lateral load pro-
duced by the lower frequency response of a vehicle's
body mass to a "long" wavelength track input., In this
example, there is significantly more energy associated
with the lateral load response, campared to the "short"
wavelength response, and the specific time duration
descriptors reflect this difference.
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Figures 15b and 16b show how specific time dura-
tion descriptors can be used to describe the relation-

ship between lateral loads and the time duration

associated with each load level.

the response can be characterized for the camplete
range of time durations that is of interest.

Figure 17 shows a comparison of these hypo-
thetical "short" amd "long" wavelength responses.,
A mumber of vehicle performance criteria and derail-
ment criteria have been expressed in terms of time
durations at each response level, and use of speci-
fic time duration descriptors makes it possible to

canpare different vehicle responses to these criteria.

The actual wheel~rail load data shown in Fig-

ure 13 was analyzed by this technique.

Sumary

curves are shown in Figure 18 for time durations
of 0, 20, 40, and 100 msec. This type of plot pro-

vides insight into the level of dynamic load associa-

ted with various time durations at different vehicle

speeds.

In this example, the 100 msec level corres-

ponds approximately with the steady state lateral
curving load.

Using this technique,
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Fig. 17 Camparison of vehicle responses to perfor-
mance or derailment criteria
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There appears to be a number of advantages in
using specific time duration response descriptors:

1. While other descriptors provide only a single
data point for each wheel-rail response or test
zone considered, this technique provides a series
of data points which account for the time dura-
tion of the response and attempt to reflect the
energy content of the wheel-rail loads.

2. This technique may help to provide a framework
for experimental development of better derail--
ment criteria. Adequate derailment criteria,
especially for rail rollover and track shift,
are not yet available for the range of track
conditions which exist in the real world.

3. This technique does not require camputer pro-
cessing of the data. It can be done manually to
provide quick, accurate, on-board data analysis,
especially during site testing.

4. Real-world track conditions often produce mul-
tiple wheel-rail responses in a test zone, and
this technique can be applied to camplex as
well as simple response waveforms.

FUTURE WHEELSET DEVELOPMENT AND USE

EMD continues to actively develop and use in-
strumented locamotive wheelsets. Currently, a fifth
generation wheelset design is being built. As il-
lustrated in Figure 19, this new wheelset will provide
continuous measurement of axle torque developed at
both wheels as well as continuous lateral and verti-
cal wheel loads.

Improvements have been made regarding the lat-
eral and vertical load output campared to the fourth
generation wheelset described in Reference [2]. New
equipment was used to provide more accurate mumerical
control machining of the wheel plates, which resulted
in slightly higher sensitivity, better sinusoidal wave-
form uniformity, and reduced crosstalk. A new calibra-
tion fixture has been built to provide more accurate
positioning and loading and more rapid calibration.

Plans are being made to use this new wheelset in
two test programs in 1981: .

1. Three instrumented wheelsets will be used in a
3-axle truck for tracking amd ride quality tests.
Electronic processing is being developed to pro-
vide continuous signals of individual wheel LAV

Fig. 19 Fifth generation instrumented wheelset

ratios and IL/IV ratios for each truck side as
well as individual lateral and vertical loads.

2. Instrumented wheelsets with torque measuring capa-
bility will be used in EMD's continuing adhesion
research program to develop friction-creep curves
for individual wheels. The wheelsets will be used
simultanecusly to investigate the phenamenon of
torsional wheelset vibrations.
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DISCUSSION

Mr. Caldwell: Caldwell from CN Rail. In your load measuring bridge
for lateral, the sine/cosine techniques for the lateral bridge, how do you
determine the sign of the load? 1Is there auxiliary instrumentation of the
position or angle?

Mr. Smith (EMD): We're working with.absolute magnitude of the lateral
load and your question on is how do you get the sign, the plus or minus sign,
for the lateral load. We wrestled with that problem for quite some time and
for a while, we-had a gauge on the wheel which provided us, we thought about
putting a gauge on the wheel to tell us which direction the sign was, and
eventually, after quite a bit of review, we opted to just go with the magni-
tude of the maximum lateral load and not worry too much about the direction
of it. The reason is that in the applications we foresaw for that particular
wheelset, the direction of the sign was not critical to us. It is a point,
it is something that we are working with. We've got some circuits that are
worked up in this fifth generation wheelset that Curt described which
essentially used a position indicating device on the wheel to extract the
sign.

Mr. Zuck (DB): Did you determine the conformity error for the sine and
cosine?

Mr. Smith: Yes. I think that the slide that we had up there looked
something like the sine and cosine wave. We actually overlaid a sine wave
and cosine wave, a raw sine and cosine wave, and we found that throughout
the whole rotation, that + 5 percent was the accuracy of the wave with the
sine and cosine. I might add that the maximum disagreement that we had
was really due to lateral position on the vertical bridges. We were pro-—
bably down to 2 or 3 percent on just the lateral load measuring bridges.
The vertical bridges were about + 5 to 6.

Mr. Swenson: The uniformity of the sine and cosine waves is even
better for the fifth generation. We didn't show any pictures of that.

Mr. Brantman: Russ Brantman, TSC. Karl, did you have any problems
with temperature or centrifugal compensation?

Mr. Smith: We did on the first wheelset, the one we made in 1962.
We had a terrible time with temperature, and with the 1972 wheelset that
we talked about, the second generation wheelset, we were able to cancel
thermal strains and centrifugal effects that are generally symmetrical on
the wheel plate. The strains distribute themselves in a symmetrical fashion.
We chose gauge locations and wired them on the bridge such that any centri-
fugal strain, regardless of where it came from, would be automatically
cancelled in the bridge, and we were just looking at the variable strain
due to the applied lateral load which gives you kind of a cosine strain
distribution through the wheelplate. Anything that's symmetrically dis-
tributed through the wheelplate such as centrifugal effects or the thermal
effects cancel out of this bridge.
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January, 1981.

Calibration guidelines and equipments, important characte-

ristics and error types for instrumented wheelsets

Summary:

This paper is an atiempt to create better possibilities for
design, calibration and comparison of instrumented wheelsets.
Therefore, important characteristics and error types for in-
strumented wheelsets are listed and a comprehensive guide how
to establish those characteristics and errors is given.

Also calibration eguipments, used by Swedish State Railways,

are briefly described.
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Calibration guidelines and equipments, important characte—

ristics and error types for instrumented wheelsets.

Calibration guidelines

Necessity for calibration
Field calibration

Laboratory calibration

Important characteristics and error types for

instrumented wheelsets

Measuring principle
Sensitivity

Stability

Drift

Ripple

Contact point lateral position influence
Y-magnitude influence
Torque influence
Speed influence
Reproducibility
Linearity error
Transfer function

How do we determine these characteristics?

Calibration equipments or rigs, used by SJ

Static test rig
Dynamic test rig

Features and drawbacks of the two test rigs
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.1

Calibration guidelines and equipments, important characteristics
and error types for instrumented wheelsets

Calibration guidelines

Necessity for calibration.

It is of prime importance to know the limits of error for any
measuring device. For instrumented wheelsets (IN., or measuring
wheelsets) this surely is true, because of the number and magni-
tude of unwanted, influencing factors. To measure a vertical
force wheel/rail of a magnitude 1 kN with a typical I.W. we uti-
lize a medium strain change in the strain gauges on the wheel
plate of about 0,02 ;nn/m. At the same time we have many other
factors causing strains in the wheel plate, some of them with
the magnitude hundreds of‘}mﬂhh We would not be able to make a
correct choice of position for and coupling of the strain gauges,
that is to produce a good I.W., if we could not apply exactly
known forces at glven positions on the wheel.

For this reason we need to perform laboratory calibrations.

Field calibrations serve as a function control during field app-
lications.

Field calibration

Field calibrations of the Y- and Q-forces are necessary to ensure
a proper function of the measuring chain.

By means of hydraulic Jacks under the journal boxes we lift the
I.W. (and so the wagon) to secure that no force wheel/rail is
present. We now can establish and record the datum line for both
Y- and Q-force.

The simple equipment in fig. 1 can now be applied between marked
spots on the gauge side of the wheel flanges. By means of the
built-in hydraulic jack and force-transducer we now can apply a
suitable calibration Y-force. This force is of opposite direc-
tion to usual Y-forces. Laboratory checks of the strain sensiti-
vity for both directions will as a rule show that they are egual.

An approximative, but for many purposes acceptable, reference line
for Y- and Q-forces can be established by recording Y and Q at
low speed on straight track. The so recorded Q-force should be
approximately equal to the static wheel load Qg (the sum of the
recorded left and right hand vertical forces equal to the axle-
load 2-Qy). The recorded Y-force should be approximately equal

to Q,Od', where ‘r= conicity angle of the wheel thread.
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1.3

Laboratory calibration

Goals for the laboratory calibration are to specify important
characteristics and limit values of errors for the I.W.

Studying derailment phenomena, wear or riding properties we want
to know the forces in the contact areas wheel/rail. Maybe we
want to treat the measured values of these forces differently
depending on the main aspect in our investigation - but mostly
we must krow the true forces in the contact areas. If we inves-
tigate for wheel shaft fatigue we surely have another aspect than
if we want to calculate the climbing action of the wheel on the
rail.

With various measuring methods we measure the remains of these
contact forces, at different places according to the measuring
method (in the wheel plate, in the spokes or in the wheel shaft).
Therefore, it is essential to know the transfer function between
the contact areas and the measuring spot. Up till now, very litt-
le such knowledge exist.

The measuring accuracy of a measuring wheelset can be verified by
dynamic, and to some extent, static tests. Here we define dyna-

mic test as a test where the wheelset is rolling during the cali-
bration procedure.

It is recommended to use the static nominal load Qy as decisive
guiding value for Y and Q. In this way the extent of these tests
can be limited and the percentage of error can be referred to one
and the same value. In order to arrive at. a simple comparison of
various measuring wheelsets, it should be endeavoured to apply
the guiding value Qp = 100 kN.

Now I will designate the decisive magnitudes for the assessment
of measuring inaccuracy for the Q-force measuring system of a
measuring wheelset. A very similar procedure must be applied for
all measuring systems (Y, Q and Ty) and may result in a scheme
like Table I.

In order to be independent of amplifier feeding voltages, I have
chosen to express the errors in (virtual) strain [pm/mj or in
specific (virtual) strain [ﬁm/m/kN]. Note that these strain
values are medium virtual strains for the whole measuring bridge,
not the maximum strain in a specific strain gauge.

As strain and force (in kN) are related through X5, it is then
easy to compare errors and true Q-signal.

All the following error factors 2.3 - 2.11 can be expressed as
absolute or relative errors. The absolute errors should be ex-—
pressed in kN or pm/m (note that errors in category 2.3, 2.4, 2.9
can be expressed in kN with the knowledge of X» for a specific
measuring wheelset) and the relative errors should always be rela-
ted to the reference value 100 kN. Some of the errors (X} and Xg)
have not been expressed in relation to the free variable, which
usually brings advantages in other cases. In these cases, there
are nonlinearities, reducing the merit of this procedure.
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2.3

2.k

2.5

Important characteristics and error types for an I.W.

Measuring principle for Q

Define measuring system as continuous or discontinuous and in
the latter case state measuring interval and length. This defi-
nition is of decisive importance for the measuring inaccuracy.

Sensitivity for @ (Y=0) vooe Xy pm/m/kN.

The sensitivity is defined as the mean value for the force range
10-100 kN. The choice of another force range may effect the
errors 2.10 and 2.11.

Stability error of measuring system ceee Xa Fm/m

Pure temperature influence, attributed to homogenous, gradual
variations in ambient temperature or to braking action. Most
measuring wheelsets cannot accept braking action because of the
great error caused by the temperature gradients by braking.

Recommended value At = 20° in the temperature range 0 - 20°.

Drift in practical operation see. X) pm/m.

Dominated by temperature gradients in wheel disc (caused by rol-

ling resistance in axle bearing and at contact points), cooling,

driving and loading conditions and intervals, wheather conditions
and so on. Also includes drift in other parts (signal transmit-

ter wheel-journal box, cables, amplifiers and so on) of the mea-

suring chain.

Specify maximum error for given practical test conditions.

Ripple: undulation and anomalies

at Q@ = Qo D ¢ Fm/m/kN.

The undulation is here defined as the amplitude of the periodical
deviation, the anomaly as the maximum amplitude of the nonperiodi-
cal deviation from the constant 100 kN-output signal.

If there is an Y~influence on @, the Y-value may influence upon X5.

Then at Q = Qy, Y = Q KN veen X5’Q0Pm/m/kN.

Contact point lateral position influence ceoo X6, xx pm/m/KN.

The lateral distance from the Running Circle to the point of Q
application is designated by xx (y-distance from Running Circle)

as a second index for Xg (X6,xx)° This+erroz is measured at Y = O,
Q = 100 kN and for positions xx as 00, =10, =20 mm. If the wheel-
set is to be used for derailment investigations, extrapolation can
be used to calculate X6,35, for a Q-position near the flange

(35 mm from the Running Circle).
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2.7

2.9

2.10

2.11

2.12

2.13

Y-magnitude influence ' coen Xq pm/m/kN .

This influence is measured (at Q@ = 0) for Y = 100 kN.

Torque influence +eo. Xg pm/m/XNm.

Most measuring wheelsets are sensible to traction or braking
torque because of the temperature effect, see error category L.
But here we state the sensitivity to the torque as such, which
always exists in variable magnitude at normal running. Torgue
influence is measured at a torque of 25 kNm.

Speed influence cea X9 pm/m.

Influence of centrifugal forces in the wheel plate, measured at
Y and Q = O.

This error can be compensated with a function generator. The
influence is non-linear and must be measured up to expected test
speeds. For sake of comparison, state error at speed 1C0 km/h:

X9 ,100 ‘Jm/m.

Reproducibility error «evv X390 pm/m/kN.

The Q—reproducibility Xio Tfor each of the force steps (10 cali-
bration force steps of 10 kN each, from 0-100 kN) is defined here
as the standard deviation of the measured values for one and the
same force magnitude.

The Q-range reproducibility Xy for the total Q-range including
all the force steps is here degined as the variation range for
the standard deviation for all force steps.

Linearity error cees X131 Pm/m/kN.

The linearity error is here defined as the maximum deviation
between the mean values for each force step and the mean value
relating to the overall range of forces.

Experience tells this is a minor error.

Transfer function e X12'
This transfer function (contact area/measuring spot) can be eva-
luated for all forces(Y, Q and Ty) directions by applying dynamic
pulsators in the contact areas or at the wheel rim.

How do we determine these characteristics?
Naturally everybody tries to eliminate and reduce as many errors
as possible already during the design of the measuring arrange-

ment (I.W. + signal conditioning) and also by an appropriate
choice of the test procedure and conditions. For now existing
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3.1

measuring wheelsets, the greatest errors are to be expected for
the factors of type 2.4 - 2.8. _The/2.10 and 2.11 may play quite
an unimportant role. /factors

Characteristic No. 2.2 (Sensitivity) can be established by static
as well as dynamic tests. The accuracy of this characteristic
may even depend on the design of the static and dynamic test rigs.

The error of type 2.3 (Stability) aims at field conditions but may
be simulated through exhibiting the non-loaded I.W. to different
environmental temperature and also on a dynamic test rig by sym-
metric heating on the axle near the journal boxes and on the

wheel thread. Other values than those recommended here can be
used when field studies have demonstrated need therefore. Error
type 2.4 (Drift) has to be determined for given field conditions.
Eventually can loading conditions be simulated in an advanced
dynamic test rig.

Error type 2.5 and 2.9 haveto be determined in a dynamic test rig.
Error type 2.6, 2.7, 2.10 and 2.11 can be determined in static or

dynamic test rigs.

Error type 2.8 is easily determined in a static test rig.

Calibration equipments or rigs, used by SJ.

The calibration equipment for field use is already mentioned

under point 1.2.
A\

For laboratory calibration SJ uses two test rigs, one of static
type, the other of dynamic type.

-Static test rig

Figure 8 shows the static test rig. The I.W. is placed upon
two short rail beams, one under each wheel. One rail is mounted
on a measuring device which by means of four measuring bolts is
fixed to the rig frame. The measuring bolts separately measures
vertical and lateral forces, existing between wheel/rail. (See
RP 11, ORE B 10: BR type of measuring chair) and fig. 9.

Vertical forces are applied with vertical hydraulic jacks between
the rig frame and Jjournal boxes.

Lateral force is applied with another jack between rig frame and
field side of wheel rim. Two hydraulic jacks can be activated

to 1ift the wheelset from the rails, in order to rotate the wheel.

To establish a precise contact point (area) wheel/rail we use a
steel cylinder between wheel and rail, see fig.1l0.

The rig can be used for railway wheels of any wheel diameter.
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3.2

3'3

The accuracy of this static test rig is mainly determined by the
measuring bolts. Vertical force is measured with a sensitivity
of 12,36 pm/m/kN with a max. error of tl%, in measuring range
10-100 kN. Lateral force is measured with a sensitivity of 80,5
Fm/m/kN and with a max. error of *1,5%, in measuring range 10-50
kN.

There is a certain cross—influence between vertical and lateral
force. For a vertical force § = 100 kN (Y=0) the lateral trans-
ducer indicate a lateral force of 0,31 kN, when Q is positioned
on the running circle. Since this lateral force always is measu-
red by the measuring bolts there is no real problem.

In the case of a combination of Y- and Q-forces applied on the
wheel thread, the quotient Y/Q cannot be higher than the dry
friction value, i.e. about O,4. For a contact point on the
flange higher quotient- (and so Y-) values can be utilized.

Dynamic test rig.

Fig. 11 shows the dynamic test rig. The I.W. is clamped to the
rig frame (fig. 12 ) by means of for the purpose designed 'journal
boxes", at each such journal box. The wheelset rotates, driven
via cardan shafts (fig. 13 ) and a mechanical change gear (at one
axle—end) of an electrical motor. The XzkmraX maximum speed is
120 km/h at no load. Vertical and lateral forces are applied
through two pair of rollers (fig. 14t ) at each wheel. These rol-
lers are actuated by hydraulic Jacks, supplied through regulators
from a hydraulic pump. Application range for Y- and Q-forces are
0-150 kN and 0-200 kN respectively.

Features and drawbacks of the two test rigs.

The static test rig features the better accuracy. The accuracy
for the dynamic rig is dependent of constructional accuracy for
the I.W. If (which always seemsto be the case) the wheel threads
of the I.W. show out-of-roundness and/or skew (1ateral), these
mechanical inaccuracies add undulations and anomalies to the
applied constant Q- and Y-forces. To limit these effects we have
introduced pneumatic accumulators in series with the hydraulic
media. But we still have to claim for wheels with very good
mechanical/geometric dimensions.

Dry friction in the lateral roller's guidance system is another
drawback for the dynamic rig. So is friection in the hydraulic
Jacks behind the vertical and lateral rollers. For a mechanic/
/geometric ideal wheel in the above sense the accuracy would be
of the same magnitude as for the static rig.

Measurements in the static rig are very time-consuming. The
dynamic rig can automatically deliver an immediate record of Y
or Q, alt. Tyx as a function of rotation angle and is hence very
time-saving.

To determine errors type 2.5 and 2.9, a dynamic test rig is more
or less a must, as already stated under point 2.12.
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The dynamic rig could surely be of more sophisticated design.

At the calibrations there are some difficulties caused by the
inclination of the wheel thread. An approach to meet this is

to calibrate the wheelset with cylindrical wheel thread and

after the calibration reprofile the wheels with actual profile.
This approach can be accepted when the reprofiling does not change
the pattern of strain in the wheel plate.
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DISCUSSION

Mr. Johnson (IITRI): For your lateral load on the dynamic calibrator,
is that applied on the side of the rim? '

Mr. Anderson: Yes, on the outer side of the rim. 3But if you check with
your wheels, I think you should draw the same conclusions as we did, that the
direction from outside and in. is the same sensitivity as from the opposite
direction. So there seems to be equality.
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DETERMINATION OF WHEEL/RAIL FORCES
BY MEANS OF MEASURING WHEELSETS ON
DEUTSCHE BUNDESBAHN
(DB)

Heinz-Herbert Ziick

Bundesbahn-Versuchsanstalt
PionierstraBe 10
4950 Minden (Westfalen)

1., INTRODUCTION

The interaction between vehicle and track and, to a
specific degree, the forces occurring at the wheel/
rail contact point have a fundamental bearing upon the
running safety and riding quality of railway vehicles,
as well as on the stress and wear imposed on running
gears and permanent way. Higher operating speeds and
greater axle loads are due to be implemented for
commercial reasons, and it is therefore absolutely
essential to obtain a better understanding of the
effects upon the vehicle and the permanent way duve to
these requirements. To determine the mechanical
stresses upon the permanent way it is not sufficient
to measure these forces relatively. On the contrary,
these fundamental investigations necessitate knowing
the absolute value of those forces occurring at the
contact point between wheel and rail. Because of the
complexity involved, measurements at fixed track
locations have to be limited to a few meters only, and
the forces should therefore be defined via the vehicle.
It is notable that any vehicle at all, together with
its appertaining and even most varying types of
wheelsets and powering equipment, may in principle be
used as an object for determining such forces without
first having to produce a special wheel for this
purpose. Deutsche Bundesbahn (DB) are currently employ-
ing measuring wheelsets which enable the forces
occurring at the wheel/rail contact point to be
measured vertically, horizontally and in the direction
of travel simultaneously and continuoysly. The following
paper is intended to elucidate the theory of such a
"measuring wheelset" and to discribe the calibration
process and the characteristics of the measuring
procedure of the so-called "Wheelset-Axle-Method".
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2. THEORETICAL FOUNDATIONS

The test method is based on the fact that external
forces affecting the wheelset produce a bending
moment upon the axle. From the bending moments
measured in welldefined cross-sections the external
forces can be determined. Fig. 1 shows a wheelset
with realistic assumptions of these forces.

Y, Q, T are measured values, which by the test method

are indicated at the contact points A1 and Az.

FKl and FK2 result from tilting of the axleboxes and

produce an additional bending moment upon the wheelset.

With FDl and FD2 we consider forces which are created

by hydraulic damping elements. The bending moments in
the individual cross-sections are computed in the

Y - 2 plane defined by the vertical and horizontal
forces and shown in the system of equations 1.

MeBquerschnitt A

. = - )
Maye =0az - Wa = Fpr (byy - by) + Feyy by - by + 2*') = Friz Wby - by - %1—) +Fp by -by).

MeRquerschnitt B

Mays =08y " Wg =Fpy b ~b2) + Firy <3y + Fpy ~ by - by).

Mefiquerschnitt
Moz =0cs " We = Foy (b -b3) + Frp -8y + 17y By ~B3) + Oy (bay ~03) - Y,y -1y

=Fpz bgz +b3) + Fgp ~a3 + Fog by +b3) +Qy (bag +b3)+ Yy oy,

MefBquerschnitt D
Moy: =0p; - Wp = Fpr(bg + ba) + Fxrz- 8 + Fry(bpy + bg) + Qy (b + Bg) — ¥y - 14

= Fpa(bgy — bs) + Fiar 82 + Fra by — by} + Qu(baz— bg) + Y2 1

MeBquerschnitt £

Mey = 0 We = Fpa by — bg) + Frzr- 83 5 Fpa (bpp — bs) .
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MeBquerschnitt F

M, = 0 We = Fpa(bpn — bg} + Fxze- 82 + Fpa (b — bg) N

Srs 1

The equations for the bending moments of the cross-
sections in the plane defined by the horizontal and
tangential forces, which are used for determining the

Tx forces, are equivalent to the equations of the

Y - Z plane. In setting up the equations it must be

borne in mind that the lateral forces FY of the axle-~

boxes have zero-levering effort and that in the x-
direction there are no forces due to damping elements,
i. e. Yl = Y2 = FDl = FD2 = 0, In addition Ql and 02
must be substituted by Txl and sz and index z by x.
We then obtain the forces Yl, Y2, 01, Q2, TXl and sz

acting upon the wheelset by measuring the bending
moments in the cross-sections A - F after having
suitably transformed the equation system 1.

. b;-b,“-M + by -b‘i,__.M _ bA'i +b‘ bA! 'b3
Br-bolry AT (b ey B T by Mot e pn Mo
v, - e baz bo baz_,, , baptby .

(bB - b5 ) ,2 Fre (ba - b:. ) r‘ Keg 7 wa + b1’ r2 /V'Dy, - {‘:J -r b4 ) l"z Me’l.



1 i 1
rx:’ = M, X - ————— —_ 1
b -bg Exy bg - b Exy by tby D=y b; + bg l;ffnn
SYs 2

The Wheelset Axle Method determines the bending moment
by considering Hooke's Law directly from the

deflection of the wheelset at the predetermined
position.

g MW
€ =% 5 (1)

The deflection at a cross-section is measured in the
X - Y and the Y - Z planes by the alteration of
resistance in a Wheatstonebridge circuit consisting

of strain gauges coupled as shown in Fig. 2
(equation 2).

AR _,.
o =KE (2]

By assuming that the forces acting in the Y - Z plane
generate alterations of resistance ARZ (ARX = 0)

and that the forces acting in the X - Y plane generate
alterations of resistance ARy (AR, = 0) the unba-

lanced voltages UDI and UDII of both bridges are given
by equation 3.
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‘AR AR
Up: = U ( — -~ sink
(21l 8 ) cosx + 7 smh>

AR,

Upy = Ugy (' 5 (317

x

SinK +

COSK)

Considering the preceding equations, the bending
moments in both planes are obtained by the following
equation.

My = K- Uy Wb - cos - Upy - sink)

{4}
WE
K Ly

xy (Upy - sink + Uy, - cosk).

Foguation 4 is the transformation of the measured
values from a coordinate-system which moves with
the rotating wheel into a coordinate-system moving
tangentially to the train. The analogous switching
of the signals is done by means of a computer as
shown in Pic. 3. The computer outputs indicate the
voltages for the Y, Q, TX forces acting between
wheel and rail.

3. STATIC CALIBRATION

The fact that the constant K in equation 2 is subject
to manufacture tolerances of the strain gauges
necessitates the calibration of the measuring wheelset.

The wheelset is placed on two trolleys, as shown in
Fig. 4, which permits the wheelset to be turnmed into
any angular position. The wheelset is suspended at the

angular positions 0°, 90°, 180°, 270° and 360° at its
force attacking points A1 and A4 by hydraulic jacks

with top-mounted force measuring cells. The forces

FlK and F3K caused by the wheelset weight attack at

points Al and A, throudh self-made semi-annular rings.

4
At the gauge side of each wheel disc there are at

interval A3 four precisely defined measuring points.

The wheelset remains suspended while calibrating the

inside cross~sections. The forces F2K are induced
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at points A, and A, by an hydraulic jack via a bar

with a mounted force measuring cell. The following
relationship exists between the bending moments and
the induced forces.

MeBquerschnitt A

M, W,
Fu = ArEL . —A—ﬂ‘,.

a4 a,

MeBquerschnitt B

M, W,
Foi = Oxy . 7D o
as as

By turning the wheelset at 90° the other bridge
circuits can be calibrated by the same method. The
wheelset, calibrated in this way and having regard

for its static tare-weight is mounted under the test
vehicle. The wheelset is checked prior to commencement
of actual field measurements on a special test rig,

which permits the simulation of the Y and TX forces

via a cross-roller-carriage, Q is simulated by loading
and off-loading the test vehicle (Pic. 5).
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4, DYNAMIC CALIBRATION

As the amplitudes of the forces are time-dependant

and because quantitative results are required beyond
the static case, it is also necessary to calibrate the
test method dynamically. The wheelset, securely
mounted by its axle-boxes upon a test rig, is jogged
by an electrodynamical pulsator which induces the Y
and Q forces in the manner shown in Fig. 6. The cali-

bration of the Tx—forces was impossible due to mecha-

nical reasons. Fig. 7 shows the block diagramm of the
evaluating cascade. The signal from the wheelset
computer is compared with the signal from a quartz
force transducer mounted on top of the electro-

. dynamical pulsator. The transfer function, with the
amp litudes ratio and the phase differences and the
coherence function as an indicator for the quality of
the test are computed and plotted in the range from

5 Hz to 100 Hz as in Figs. 8 and 9. The accuracy for
the QO-force is better than 1 % in the range up to

25 Hz and better than 5 % up toc 30 Hz. A point of
resonance occurs at 77 Hz.

The accuracy for the Y force is better than 1 % up
to 22 Hz, a point of resonance being found at 92 Hz.

5. ERROR EVALUATION
a) Mechanical effects

In the equation system 1 we have in the determination

of the Y forces the levering efforts bAl and bA2

defined as constant parameters. But during the actual
vehicle run this assumption is no longer correct due
to the change of wheel/rail contact point and we thus
have a measuring error. Computing the largest absolute
error and assuming the remaining parts of the system
to be correct, we can obtain an estimation of the
influence of this effect upon the accuracy of the

Y forces. Thus equation 5.

101
n

10,1
1AY21 = 18b421 - -

Wyl = |Ab‘1| .
- (5)



It is now clear that by changing the wheel/rail
contact point we get an error, which depends on the
corresponding vertigal O force and the radius of

the wheel disc. Where in curve negotiations a change
of the wheel/rail contact point of about 0.02 m
occurs, we then get an influence upon the accuracy
of the Y force of about 4 % of the Q force for a
wheel disc having 0.5 radius.

_b) Electrical effects

The electrical error is caused by the measuring
cascade, which generates an electrical signal from

the mechanical deflection corresponding to the bending
moments. A computation for the error of the bending
moments is possible under the assumption that the
power supply to the bridge U_,, the factor

w L] E
K

generate an error, the largest relative error such
as in equation 6.

and transformation portion of the equation 4

E-w
1AM,, | | (_ )
- Algl 1A K ! R 14 (Up, - cosk - Up, - sink}l

= > -
’My,l lU,' IEKWI 'UD' * COSK - UDII > sink |

mitUDI'W'Ug“ -8ink # 0

(6)

E-W
1AM, | - |AU." + lA( K )| + |A“b1 * oink + Upy - cosk M
|M,y| 1Ugt lE . WI iUp) - sink + Upy - cosx)
K

mit Upy - sink + Upy - cosx#0,

The first two expressions are neglegible, because the
error of the power supply is kept down with little
effort to less than 1 ©/0o and the deviations of the
mechanical values are calibrated for each bridge
circuit. The remaining relative errors of the products
between unbalanced voltages and sin and cos of the
wheel rotational angle are given by the conformity
error of the angular probe and by the error of the
analogous multiplier. To minimise this influence,
angular potentiometers with conformity error less
than 0.5 % and multipliers with an error less than
0.15 % are used. Additionaly the multipliers with
simular errors are selected with the aid of a digital
computer and, based on the results obtained,
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incorporated into the measuring cascade for further
error suppression. The small unbalanced voltages

(O - + 5 mV) are preamplified by an ampli fier with

high common mode rejection (120 dB8) which is mounted

on the axle as shown in Pic. 10, at which position
there is no noise-interference on the measuring signals,
at the same time requiring only a very simple zero
adjustment for the measuring procedure. Pic. 11 shows
the preamplifier and angular probe mounted on the

axle journal.

c) Total error

The total error for the forces is determined by the
error of the electronical equipment its value being
less than 1 % for all forces except for the Y force,
where we have an additional error due to mechanical
influence, which can override the error caused by the
electronical equipment by altering the wheel/rail
contact point during tight curve negotiations.

6. SPECIAL FEATURES

The clear mechanical theory of the test method also
allows its application to very complicated wheelsets
such as powered or braked wheelsets. By appropriatly
choosing the number and the positions of the cross-
sectbns it is possible with such wheelsets to
determine the forces acting between rail and wheel
without influences due to powering or braking moments.
There fore, on Deutsche Bundesbahn adhesion is
measured on braked wheelsets in accordance with the
following equation:

Vy2, a2



The influence of the varying wheel/rail contact point
and its effect upon the Y forces enables us to obtain
an absolute determination of this point as seen in
equation 5. We are developing a test method which
permits the determination of the horizontal forces by
measuring tension and compression stresses. This
method is independent of the position of the wheel/
rail contact point and, in conjunction with the
Wheelset Axle Method makes it possible to carry out

a coutinuous determination of the respective contact-
point position.

7. CONCLUSION

A measuring method was introduced, by means of which
the forces occurring at the wheel/rail contact point
in all three directions may be determined simultane-
ously and continuously. With the exception of the
wheel contact-point error relevant to the Y forces,
the error occurrence from the statical up to a spe-~
cified frequency range is less than 1 %. The measuring
method can be universally applied and has hitherto
been employed on locomotives, powered multiple units,
as well as on passenger and freight cars not only en
Deutsche Bundesbahn (DB), but also for mutuwal in-
vestigation work in collaboration with other railway
administrations.
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SESSION 2: WHEEL/RAIL LOAD
MEASUREMENT TECHNIQUES - 11



DEVELOPMENT AND EVALUATION OF
WAYSIDE WHEEL/RAIL LOAD MEASUREMENT TECHNIQUES

Harold D. Harrison
Donald R. Ahlbeck

BATTELLE
Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201

Measurement of dynamic forces at the wheel/rail interface has long
been of interest to railroad administrations, rail vehicle design-
ers, and track designers. An accurate assessment of these forces
is essential to the safe operation of trains, as well as the
design of vehicle and track structural components. Techniques
employed to measure wheel/rail forces fall into one of two cate-
gories: loads measured at a specific location in the track (way-
side measurements) and loads measured at a specific rail vehicle
(on-board measurements). In this paper, the development of way-
side wheel/rail load measurement techniques and transducers is
reviewed. An evaluation is presented of these different techni-
ques based on recent laboratory experiments and field measurement
experience, and a comparison is made of simultaneous measurements
from current state~of-the~art wayside and wheelset load
transducers.

INTRODUCTION

Loads at the wheel/rail interface are transmitted across a small contact patch
on the running surface, except when the wheel flange contacts the rail, in
which case a two-point load path exists. The forces at this interface are:

e Vertical forces due to the vehicle static weight, and dynamic forces
due to irregularities on the wheel and rail running surface (wheel
flats, rail joints, et cetera), the response of the vehicle to track
geometry errors, and components of longitudinal train-action forces;

® Llateral forces from the vehicle response to track geometry irregulari-
ties, components of longitudinal train-—action forces, external dis-
turbances such as wind forces, self-excited hunting motions, and the
creep and flanging forces necessary to guide the vehicle through
curves;

e Longitudinal forces due to wheel-rail creep, traction (with powered
wheelsets), and braking.

The force vectors at the wheel-rail interface are illustrated in Figure 1 for
a typical loading situation, that of the lead outer wheel of a rail vehicle
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negotiating a sharp curve (radius of curvature less than about 1,000 ft).
Wheel-rail loads have been characterized under typical revenue freight
trafficl. Maximum expected load amplitudes from this source and from other
experimental programs are summarized in Table 1 to provide an appreciation of
the full-scale range required of wheel-rail load transducers.

HISTORICAL BACKGROUND

There are two different, yet fundamentally similar methods for measuring
wheel/rail loads: with the instrumented wheelset, or with the instrumented
rail. Strain gages, in one case on the wheel plate or spokes, in the other
case on the rail web or base, are used to transduce strains resulting from the
wheel-rail loads into proportional electrical signals. Other methods have
been employed in the past to measure wheel loads: combinations of load cells
and strain gages on the rail vehicle truck, or load-cell base plates beneath
the rail, for example2. These methods are subject to substantial error in
projecting the measured loads back to the actual wheel-rail loads. The cur-
rent trend is toward direct measurement of loads at the wheel or rail.

Vertical Loads From Instrumented Rail

A variety of strain gage patterns have been applied to rail measurements of
wheel-rail loads. Perhaps the most successful has been the vertical load mea-
surement circuit adapted from strain gage patterns reported by the ORE3,4,
This pattern, illustrated in Figure 2, measures the net shear force differen-
tial between the two gaged regions, a-b and c-d. With the gage pattern

placed between the rail support points (in the "crib", the space between cross-
ties), the circuit output is directly proportional to the vertical load, P, as
it passes between the gages. The influence zone of the pattern is very short,
few inches either side of the mid-point between a-b and c-d, so that only a
sample of short time duration is provided from each passing wheel. From lab-
oratory and field tests, this pattern has shown excellent linearity and mini-
mal sensitivity to lateral load (cross talk) or to the lateral position of the
vertical load.

Other methods have been employed to extend the vertical measurement zone and
provide a longer time duration of the load sample. Russian experimentersd have
developed a system utilizing web compression strains at the neutral axis of the
rail. Laboratory strain search techniques indicated that this location pro-
vided the best compromise between sensitivity, cross talk, and influence
length. The influence length to the 50 percent amplitude points for one gage
at the neutral axis was found to be about 4 inches (10 cm). Bridges were

wired with six gage pairs spanning 20 inches (51 cm), and six adjacent circuits
provided sufficient length to capture one complete wheel revolution.

Recent Battelle experimentsl used rail web chevron gage patterns in combina-
tion with load-cell tie plates, as shown in Figure 3, to extend the vertical
load measurement zone to 35 inches (89 cm), approximately one~third of a wheel
revolution, This method was used to record flat wheel and rail joint impact
loads.
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TABLE 1. MAXIMUM EXPECTED LOADS AT THE WHEEL-RAIL INTERFACE

Wheel-Rail Loads - 1b (kN)

Vertical Lateral Longitudinal
Good Tangent Track (éWR)
Mixed Freight Traffic, > 60 mph 49,000 (218) 12,000 (53)
(0.1% Probability Level)
Mixed Freight Traffic, < 40 mph 48,000 (214) 3,500 (16)
(0.1% Probability Level)
Extreme Value (Maximum Recorded) 104,000 (463) 22,000 (98)
Poor Tangent Track (BJR)
100-ton Freight Car, Roll Resonance on 80,000 (356) 30,000 (133)
Staggered Joints
Joint Impact 80,000 (356)
Good Curved Track (CWR), R = 1000 ft
Locomotive (6-axle), Sanded Rail 45,000 (200) 15,000 (67) 8,000 (36)
Locomotive (6-axle), Sanded Rail, High Dynamic 45,000 (200) 22,000 (98) 12,000 (53)
Braking Load
100-ton Freight Car 50,000 (222) 12,000 (53) 4,000 (18)
Good Curved Track (CWR), R = 573 ft
Locomotive (6-axle), Sanded Rail 45,000 (200) 18,000 (80) 8,000 (36)
Locomotive (6-axle), Sanded Rail, High Dynamic 45,000 (200) 27,000 (120) 12,000 (53)
Braking Load
Poor Curved Track (Line and Cross Level Errors)
Locomotive (6-axle) 50,000 (222) 45,000 (200)
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Lateral Loads From Instrumented Rail

Measurements of lateral wheel-rail loads have been somewhat less successful.

A circuit for measuring lateral load through the bending strains in the rail
web was reported by the ORE6. Swiss experimenters used special 8-inch (20 cm)
wide gages connected in series to increase the length of the measurement zone,
measuring bending strains along the upper region of the rail web between ties,
and along the lower region over a tie. A variant of this circuit consisting
of four vertically-oriented strain gages, one above and one below the neutral
axis on either side of the web and directly over the tie, was used by Battelle
in test programs during 1976. During tests of the SDP40OF locomotive on the
Chessie System in 19777, substantial discrepancies were discovered between
apparent lateral loads measured by instrumented wheelsets and simultaneously by
the rail circuits. This led to extensive laboratory tests by Battelle to eval-
uate this circuit and other possible strain gage configurations. The
vertically-oriented gage pattern was found to be quite sensitive to cross talk
from the lateral position of the vertical load, resulting in apparent lateral
load signals substantially higher than the actual load. Two other gage pat-
terns reported by the ORES were evaluated, both using longitudinally-oriented
gages on the rail base or base plus head, located mid-way between ties. These
patterns, used by German (DB) and French (SNCF) experimenters, proved to have
poor linearity and were quite sensitive to support conditions, an important
criterion for typical North American track with spikes and wood tie construc-
tion. A "base chevron' pattern suggested by Harrison was also evaluated in
these laboratory tests, and proved to have the best combination of character-
istics. Comparative results from these tests are given in Table 2.

In the past two years, the base chevron gage pattern shown in Figure 4 has
been evaluated in several major field experiments employing both wheelset and
rail instrumentationl,9,10, Still another gage pattern consisting of
vertically-oriented gages applied within the base fillet radius on either side
of the rail, centered within the crib, is beingevaluated by DOT's Transporta-
tion Test Center. Comparative analyses of wheelset and rail-measured lateral
load data and error analyses of both transducer systems have been made to
define problem areas with these patterns? and to allow improvements in their
application.

PRINCIPLES OF OPERATION

Wheel-rail forces are applied at small contact interface patches on the wheel
tread and (under some conditions) the wheel flange, as shown in Figure 1.
Strains near these contact patches in both the wheel and rail are short-
duration pulses; but as the loads are distributed into the wheel or track
structure, these strains become more diffuse and longer in time durationm.
Measuring these strains to produce a signal proportional to a given load
creates sometimes-conflicting requirements:

® To maximize sensitivity and signal-to-noise ratio,

e To minimize distortion due to orthogonal loads and changes in load
position on the wheel or rail running surface,

e To measure close to the contact interface, minimizing the mass
attenuation from high-frequency dynamic response,
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TABLE 2. COMPARATIVE EVALUATION OF LATERAL WHEEL-RAIL LOAD MEASURING CIRCUITS ON RAIL

Web Vertical Web Vertical Base Chevron A Base Head and Base
Criteria Over Tie Between Ties Longitudinal Longitudinal
(Fully-
Supported)
Sensitivity f Good Good Good Cood Excellent
Microvolts/volt per kip 21 19 17 :
: (1/228r 1dge) 7%
Linearity (0 to 10 K{ps) Fair Excellent Good Poor Poor
at 5 kips, Error = + 9% -1% ~5% +61% + 322
Crosstalk* Poor Poor . Good Fair -Good
Lb per 1000 1b V at 580 780 -56/-1322 133 -13/-179°
Flange Contact Ppoint
Sensitivity to Support Fair  Poor ‘Good Poor Poor
Clips off, field - -72 ~117% +897 +462%
Clips snugged =~ ~497 +107% =467, ~322
Sensitivity to Vertical Fair Fair Good Fair Good

Position of Lateral Load

Z = -.44" to -.81" below +18% +197 +8% -12% , -102
rail running surface

Change in Sensitivity under : . . A
Vertical Load (0 to 30 kips) Good Poor Good Fair Goud
0KIpV, Y=0 -4 ~492 N -3% +19% +3z°
§ Clips loose on adjacent ties (nominal condition)

*  Sensitivity for lateral load applied at Z = -.44" below rail running surface

a Near edge of chevron pattern

b Due to localized head bending strains

¢ Disregarding localized effects in head (gages centered on head at X = 1.75")



e To produce a continuous signal proportional to wheel/rail load.

Track instrumentation cannot, of course, meet this last criterion. The in-
crib strain gage patterns provide a smaple, typically 3 to 30 milliseconds in
duration, of the passing wheel loads. The maximum "sampling rate" of the
lower-frequency components of these loads is limited by the crosstie spacing.
An example of typical lateral and vertical load signals from wayside trans-
ducers is shown in Figure 5. Signal processing from wayside transducers is
straight-forward, however. In current practice, both FM analog recording and
frequency-division multiplexing with direct recording are used to record the
signals on magnetic tape. Up to 104 data channels were recorded during the
recent Perturbed Track TestslO. On-site data processing is.controlled by a
microprocessor, which determines the peak lateral and vertical load for each
passing wheel at each transducer location, stores these values on digital
cassette tape, and prints out the tabulated values after the train has passed.
Data in digital form are then used at a later time in the statistical analysis
of loads and L/V ratios.

Peak loads from individual wayside transducers can be used to estimate longer
wavelength transient loads through specific track geometry errors. Imn a
recent test program to evaluate AMTRAK's high-speed AEM-7 electric locomotive,
a geometry error was built into the track and instrumented with wayside trans-
ducers for measuring wheel/rail loads. The perturbation layout is shown in
Figure 6, along with plots of lateral load on the left rail (Measurement

Sites 6 through 10) from the wayside measurements. A good approximation of
the longer-wavelength transient lateral loads can be obtained using trans-
ducers spaced every other tie.

CALIBRATION

An important aspect of wheel-rail load measurements is the calibration
technique used to determine transducer gains and scaling factors. This has
been addressed by Vanstoned with regard to the Perturbed Track Tests and the
comparison between rail transducers and both SDP40F and E8 instrumented
wheelsets.

Rail circuits are calibrated by means of a rail head fixture with orthogonal
precision load cells simulating the contact shape of a new AAR wheel.

Vertical loads are applied hydraulically, reacted against the underside of a
car or locomotive; and the lateral load is then applied hydraulically between
the rail heads with the '"wheel" in flange contact. Moments induced in the
load jacks as the rail head moves laterally outward are minimized by clevis
pin load cells in the vertical load path. Signals from the strain gage cir-
cuits are plotted on an X-Y plotter versus the precision load cell outputs,
and the gain of the circuit is established in engineering units by the result-
ing slope of the plot. Resistor shunt calibrations are then used throughout
tests to provide a reference sensitivity on this physical calibration. Errors
introduced in the calibration process, primarily affecting the lateral load
circuit, include moments in the rail head due to the lateral position of the
vertical load, irregularities in rail support at the ties, and rotation of the
rail at higher L/V ratios.

Two examples of the resulting X-Y calibration plots are shown in Figure 7, one
for concrete tie track, the other for wood tie track. In both cases, the
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excellent linearity and minimal hysteresis are apparent for the vertical load
circuits. Lateral circuits display a somewhat less linear response, parti-
cularly on wood tie track, as well as some hysteresis. These effects vary
with the rail support conditions and tend to be minimized on good track,
particularly with concrete ties.

A more recent version of the hydraulic calibration fixture is the Track
Loading Fixture, which was used for field tests of rail restraint capacity
during July 1980. This fixture has the ability to generate large lateral
deflections while measuring the total lateral (L) and vertical (V) loads
exerted on the rail head, independent of the angular positions of the loading
cylinders. The system has been sized to handle up to 50,000 1b (222 kN)
lateral and vertical loads. An hydraulic power supply with an adjustable .
regulator is used to provide a more constant vertical preload, thus accomodat-
ing large changes in geometry during the loading cycle. The load is trans-
ferred to the rails through standard 36-inch (91.44 cm) diameter AAR wheel
segments. The applied loads perpendicular and parallel to the plane of the
track (V and L, respectively) are measured through a pair of clevis pin load
cells at each rail, and are monitored by digital read-outs and X-Y plotters.
* This fixture will be used in the future to calibrate wayside strain gage
patterns. :

Additional verification of rail circuit respomse to load has been provided by
direct comparison with outputs from instrumented wheelsets on several locomo-
tives. Vertical loads were verified by slow roll-by or spotting the instru-
mented wheelset directly over the rail circuit. Lateral loads have been com-
pared by utilizing a loading fixture that provides a lateral load between the
outer rim of a wheel and the gage side of the rail head either side of the
wheel through a yoke. The common lateral load from wheelset and rail circuit
at the opposite rail is then measured on an X-Y plot, as shown in Figure 8.

In this figure, the dashed 45-degree line indicates an exact 1:1 relatiomnship.
At an L/V ratio near 0.5 (about 12,500 1b lateral load), some deviation ap-
pears in the plot. At higher L/V ratios, the dominant wheel/rail contact
point moves toward the gage corner of the rail. Under these conditions the
rail lateral circuit will exhibit some cross talk from vertical load which sub-
tracts (underestimates) the actual lateral load. Laboratory experiments with
the base chevron circuit have shown the cross talk magnitude to be approxi-
mately 60 1b per 1000 1b of vertical wheel load at the gage corner of the rail
head. The wheel strain gage circuit has a similar cross talk term, but of
opposite polarity (i.e., additive, or over—estimating the load), which in-
creases the deviation from perfect correspondence between wheel and rail
transducers.

ERROR ANALYSIS

Load measurements from strain-gaged wheelsets or rails are subject to errors
from several sources. Several sources have addressed wheelset errors9,11,12,
13,14, while errors at the rail (some of which are analogous to the wheel) were
also examinedl,9,10, The important characteristics and error sources of
wheel-rail load measurement transducers are:

e Sensitivity and resolution--sensitivity has a direct bearing on the
signal-to-noise ratio, while resolution depends on the full range of
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the transducer (maximum expected load) and data processing errors
over this range.

e Ripple--the modulation in signal gain or scale factor due to wheel
rotation (analogous to the "influence zone' at the rail).

® C(Cross talk--outputs in the strain gage bridge induced by orthogonal
loads (for example, apparent lateral load due to changing vertical
load position across the wheel tread or the rail running surface).

e Centrifugal effects—-output signals due to strains induced by wheel
rotation (affects wheelsets only).

o Thermal effects—-strains induced by changes in temperature (in practice
affects wheelsets only).

@ Linearity and hysteresis--deviations during load cycles from the ideal
strain gage bridge output versus load input relationship.

e Longitudinal cross talk--apparent load due specifically to traction
or creep torque-induced loads.

Typical values for these different error sources are summarized in Table 3
from the above-cited sources. Simultaneously-measured lateral loads from
wheel and rail transducers have been evaluated?;10, Results show rather close
agreement on the average (within about 500 1b), but the standard deviation of
differences between wheel and rail for different test sections typically
ranged from 2,000 to 3,000 1b (9 to 13 kN), with the wheel sometimes high, and
the rail sometimes high., This phenomenon is under further investigation.

Using the one~sigma error terms of Table 3, the expected accuracies of the
wayside wheel/rail load circuits may be estimated for typical field experi-
ments:

Railroad Transit
Vertical Lateral Vertical Lateral
Full-scale range (kips) 60 25 20 10
One-sigma error band (kips) 1.2 1.5 1.1 1.2
Percent error (one-sigma) 2 6 5 12

A final consideration is system bandwidth, the maximum frequency range in
which the transducer will measure loads at the wheel-rail interface without
serious distortion or attenuation. Because of the mass of the wheel rim and
the tendency toward wheel plate bending modes above 400 to 500 Hz, wheelset
strain signals have customarily been low-pass filtered at 80 to 100 Hz.
Brit<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>